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ABSTRACT

The feasibility of inerting the ullage spaces in aircraft fuel tanks i
via a catalytic combustion technique is evaluated, The technique utilizes ‘
nitrogen fram the surrounding atmosphere as the princi~al component of the
ballast gas admitted to the tauxs, Free cxygen is reduced to safe levels :
by means of catalyzed reaction with a small fraction of the aircraft fuel, : |
Before the combustion gases are admitted to the fuel tanks, the water con- 'j ]
tent is reduced by condensation and by contact with a desiccant, Experiments |
were conducted to select and evaluate catalysts for the cambustion reacticn,

. and desiceants for water removal, Heat and material balances were prepared. ,
Experimental and literature data were used for conceptual designs of :
inerting equiment that would provide target performance at all times
(including powered dives) during misaions typical of a tactical aircraft,

a military transport, and the S5ST. Baszsed on these unoptimized, preliminary

designs, it was determined that complete inerting protection and control

over the water admitted to the fuel tanks cen be provided at a penalty of

fram1.8% (transport) to 6.4% (tactical) of the initial fuel weight. These

figures reflect industrial plant equipment weights, and substantial reducticns C e
are expected through use of flightweight equipment of optimized design.

Recommendations are made for further study and development., - ,

This document 18 subject to special export controls and each transmittal
to foreign goverrments or foreign nationals may be made only with prior . i
approval of Air Porce Aero Propulsion laboratory (m), Wright-Patterson , |
M.r Force Base, Ghio L5433, . .

111

RS s 12 2 - T o - _




A A B S 2 Al A RS RN T

iv

i
H
t
i
i
H
i
1
H
h




TABLE OF CONTENTS
SECTION o o PAE %0,
VOLUME I |
I INTRODUCTION |
SUMMARY
11 CATALYTIC COMBUSTION STUDIES
1. General .

=

-2, Results and Discussion
8. Literature Survey
b. Screening of Cammercial Catalysts
c. Screening of New Catalysts
d. Basic Process Studieﬁ
e, Effect of Fuel Camposition
f. Optimization and Regeneration Studies
v WATER REMOVAL STUDIES ’
1. Introduction -
2. Litersture Survey
3. Selection of Feasible Msthods
b, Performance Tests
5. Effect of Puel Composition
6. Reaction with Calcium Ca.fbide | .
v CONCEPTUAL DESIGN
o 1. General
2. Preliminary Analysis
3. Comdustor ‘
3 L. Gas Drier
5. Heat and Material Balance

5%’88833&&8835&13Bw‘;.,.,ﬂ;-..,

=
8

L 4

e i s, 5 L B A SNBSS S 00 s+ s OB N ek e b st . S s e Caenin e
o L vy S




~ SECTION o : PAGE WO,

6. Case Ana]&sia 1 - Supersonic Transport 103
7. Case Analysis II - Tactical Alrcreft 136
) Ca:.;evAmJ,yaia IIT = C-141 Tramsport 156
VI comcwstoss . T am
vz RECQOEIDATIONS 175
| REFERENCES 177

| VOLME 11

 APPEXDIXES |

v




FIGURE NO,

L

17
18

19

.LIST OF ILLUSTRATIONS
. TITLE
&chematic Diagram of Catalytic Cambustion
Test Unit . :

Effect of Temperature on Oyxgen Conversion,
Code A Catalyst

Code ¥ catalyct - Eﬁ‘ect of Temperature on Oxygen
Conversion . )

Effect of Conversion ievel on the Fraction of
Consumed Propane Oxidized to Carbon Dioxide

Effect of Conversion level on the Fraction of
Consumed Propane Oxidized to Cirbon Dioxide

Effect of Space Velocity on Temperature Respcnse
of Code F Catalyst

Effect of Spa.ce Velocity on Texxpérature Respcuse
of Code A and M Catalysts

Effect of Run Cenditions on Reaction Rate Constant
Effect of Bed Thickness on Resistance to Flow
Pressure Drop as Affected by Reaction Conditions

Bed Temperature Proriles During ktend,ed Run with
Diluted Code A Catalyst

Effect of Cumilative Run Time and Excess Fuel on
.‘Reactor Tanperature Profile

Code A Catalyst ~ Effect of Temporature on (kygen
Conversion

Catalyst Performance Cunparison with JP—? Fuel

Effect of Conversion Level on Fraction of Reacted
JP-T7 Oxidized to COo

. L)
Code A Catalyst Perforpance During Coking Run CT-1
Code A Catalyst Performance During Coking Run CT-2

Code A Catalyst Performance During 60-Hour Test
with MIL-T-5161G Fuel:

Effect of 60-Hour Test with MIL-T-5151G Fuel on
Activity of Catalyst A (2nd Qrder Plots)

it

PAGE RO,

17

18

19

24

30

33

35
38

Lo
%

3

&

L7

48




e A AR NN <, e s svrment LN L e e

FIGURE RO.

21

LS

"8R8 EYE B

‘&

9

38

39

TITIE

Effect of 60-Hour Test with MII~T-5151G Fuel
on Activity of Catalyst A (st Order Plots)

Bed Temperature Profiles During 60-Hour Test
with MIL-T-5161G Fuel and Catalyst A

Code A Catalyst Performance with Propane and
Excess Oxygen

Performance Compariscn: Regenerated vs Presh
Code A Catalyst

Effect of Regeneration on Performance of Code
A Catalyst After 60-Hour Test Run

Performance Comparison: Fresh vs Aged Code A
Catalyst

Experimental Drying Agent Test Apparatus
Drying Performance of Calcium Sulfate at 40°C.
Arsorption by Various Agents in First U-Tube

Avgorption by Various Agents in First Two
U«+Tubes

Atsorption by Various Agents in Complete Train

Water m:arpt:lon Rete for Variocus Drying Agents
Simplified Diagram of Inerting Subsystem
Longitudinal Cross-Section of Radial Cezbustor
Transverse Cross-Section of Radial Combustor
Schematic Diagram of chngnted Cambustor

Heat and Mass Balance: Average Conditions for
SST Flight Flan Fo. 1

PAGE M0,
L9

50

52

233 I3

b

93
118

lieat and Mass Balance: Design Conditions for SST 124

Flight Plan No, 1

Heat and Mass Balance: Average Conditions for
SST Flight Plan No. 2

Heat and Mags Balance: Design Conditions for
8§ST Flight Plan No, 2

viii

131

133

e Rt e i < eron o e e L




FIQURE KO, . : TITLE PAGE MO,

Lo Tactical Adrcraft = Hypothstical Mission 137
Profile for Ground Support Mission

h1 Tactical Aircraft = Fuel Temperature Profile k1

b2 Heat and Mass Balance: Average Conditions for 1L9
Tactical Afrcraft '

43  Heat and Mass Balance: Design Conditions for 152
- Tactical Aircraft

Li Diagram‘of the Inerting System for Tactical 1sk -
Alrcraft A

LS5 Flight Profile of C-141 Aircraft 157

W Heat and Mass Balance: Average Conditions for 165
 C-141 Aircraft ‘

47 'Heat and Mass Balance
C-ill Aircraft

Design Comditions for 168 A

;

o
I
P
.
§
o
3

R L i A A e+ W

R e r—

[ e A TR T

* »
[ hmk e e el Ey ey e T e e i S i s kb bt o e e it u.u..w,..d.j




e

R e A b e e e

[ SRR

o RO A b st iy |

TAZLE KO,

H

»

daxy4 Bionx

LIST CF TA31E3

TITLE

Cczmercial Catalysts Selected for Scresning
Test Progron

Scmmary of Pun Conditicns, Screening Tests with
Propane Fuel

Summary of Run Conditions, Process Studies with
Propans Fuel

Summary of Run Conditions, Studies with JP7
Fuel

Surmery of Run Conditicns, 60-Hcur Test with
MIL=T=5161G Fuel ‘

mraary of Rua Ccmliticm, Coxing Runs with
Premm Pual ‘

Regencsraticn Data for Code A Catalyst After Tosts
with JP=T Fusl

Regeneration Dava for Coda A' Catalyst After Test
with MIL-T-5161G Fuel

Choracteristics of the Camonly Used Drying
Agen':s

Valm)a for Caleulating Quanmtity of Catalyst (for
JP7

Flight Zlan Fo. 1, Superazcnic Trangport

 Flight Plan Mo, 2, Supersonic Transport .

Calculation of Factors Determining Quantity of
Catalyst for SST

Weight and Volume of Catalyst for SST
Tactical Aireraft: Mission Flan
Flight Plan of C=lkl Aircraft

Flight Data for C-141 Transport

FAGE RO,
10

28

53

55

61

K& &

§ &8 E




FT X F >

g &F

LIST OF ABBREVIATIONS AND SYMBOLS

DEFINIYION
area
frequency factor (kinetics)
apmlar area |
fin surface area, per linear foot
wall effect factor ¢ @

bare tube area, per linear foot -

flow area, excluding projected area of tubés

interior cross-sectional area of tude

overall rate of heat transfer

energy of activation = gas constant
duct width (radial reactor lemgth)
fin height

bdallast gas

British Thermal Unit

apecific heat
crifice discharge coefficient

- outlet conc, of species A (kinetics)

entering conc. of species A (kinetics)

volumetric flow rate

Qiameter
equivalent dismeter
equivalent particle dismeter

energy of activation (kinetics)
natural logaritim tase .

Y Ty R

LR

N S e SO 2 .

UKIT
1n2, £¢2
dimnsionhss
1n?, £t2
1n2, 112
Mnimlen
in?, 2
in2, 42
12, £¢2
BIU/hr="F

in, £t

BTU/1b-°F
dimensionless
£ volume

¢ volume
rt3/min

in, ft
in, ¢
inches

kcal/g-mole

i
{
!
i
i
{
H
]
H
;

Rt S S PRt B




LS A AN B B A A

)

Fa¥ N
Fr

‘ DEFIRTTICN
friction fastor (fluid dynamics)
pressure drcp
temperature difference factor
nass velocity
gravitational constent = 32,2

volm»eiric flcw rate

height
enthalpy

" f1lm coefficient (heat tranafer)

duct height

heat exchanger

inside dimension, inside dismoter
hazt trensfor factor for transverse fins

thermal conductivity
reactiocn rate constant (kinstics)
kilowatt, energy unit

length
log mean temperature difference

molecular weight

meker p2r unit langth
molar rats

outside dimonsion, cutside diameter

xii

o S PN Y

UsIT

dinensicnlezs

ft of fluid
dimensicnless
b /hr-r22
ft/sec?
gal/ain

in, ft
BIU/1b
BIU/hro£t2.°F
in, £t

in, £t
dizensicnloss

BTU/hro£22.(°P/st)

v/vehr, v/vasec.

1b/1b-zrole g

#/in, §/1¢ i
.zmolesfuin or hr

in, £t




SN430L

s
»

PSSR 289

- DEFINITION
perimeter |
adbsolute pressure
gage pressure 4
projected mﬁeter pei- linsar fool

pressure difference

heat flux
volumetric flow rate (kinetics)
heat content differential

t@erimﬁ group, tl-tg/th;t3
unherﬁl gas consga.nt

radius |

inside fin radius -

fouling factor

Reynoldas mmber

outside fin radius

temperature group, th-t3/t;-t3
tensile strength

specific gravity

specific gravity of fuel

fricticmal surface |

cemterline distance botveen tubes in

. two danks arranged in trigagular pitch

stainlecs steel

centerline distance between adjacent tubes

in bank '

space velocity, volumetiric flow rate ¢ volume

of reaction zone

oxidd

T R B i R R S e PR o Bl ST 306 TR VG T R e I 0 SN 6l

URIT
in, £t
1b/in2 abs, psia

1b/1n2 gage, pais.

in/te, TH/tt
'n/m?, psi
BﬁJ/min) BTU/hr

BTV/ain

dinensionless
BTU/mole-"F
in, £t

3

inches

dimensionless
‘ dimensicnless.
‘ inches

dimensionless
1b/152 |
dimensionless
dimensicnless

in, £t

in, 1t

sec” Ip hl‘.]‘

5

i

g
)
B
€
3
it

y




‘va

Ay o B . A e omn @

SYMBOL

DEFINTTION

. temperature

absolute termperature

| caloric texperature, hot fluid

caloric terpersture, cold fluid -

thickness
overall heat transfer cmﬂ'i_cient'

volume

volumetric flow rate
velocity

specific volume

cumilative flow of gas (water removal tests)

nolar volume

velocity of fluid in expty duct
distance between two banks of tubes

net frea volums (in a duct)
voluns per limear foot -

weight per unit length
rate of flow, welght

heat of vaporization
viscosity

density

viscosity ratio

fin efficiency

w o

-

BTU/tr-2t2.°F

in3, 13
£t3/min, ££3/sec

~ ftfsec

£7t3/1p

liters
££3/1b-wole
ft/sec, ft/nin
in, ¢ '

foot3
3/t

b/in, /2t
1b/min, 1b/nr

BTU/1b

 centipoises, 1b/ft-h
pod lbﬁ:t‘-s;

b/re3
dimensionlaca

A5 S B 7t

eivensicaless




SECTION I
IRTRCDUCTION

1. BACKGROUXD

Anong the hazards that must be faced in the planning, design, and
gperation of liquidefueled aircraft is the problem of fire and explosion in
the fusl tanks., The isolation of fuels from ignition sources, such as hot
engine parts, impact sparking, electrical ecircuit malfunctions, and lightning
or other static diacharges, has been the sudbject of considerable effort so
that substantial protection is now available in current cperational aircrart(l)
Serious prodlcas can still be identified, however, associated with flopmable
fuel vapor=air mixtures within the fuel tanks. Tactical aircraft operating
in combat areas are sudject to fuel tank penetraticn by ensmy incendiary
and bursting rounds which would ignite the mixture. In the cage of advanced
supersonic military or cammercial aircraft, such as the Supersonic Transport
(85T), it 1s anticipated that aercdynsmic heating may gemrat? s.a.nk wall
tezperatures sbove the autoignition point of the mixed vapors(2), Once the
vapors become ignited, coambustion could proceed with sgufficient speed to
cause a sudbstantial pressure rise, despite the presence of tank venting
equiyment, leading ultimately to disastrous structural fallure.

.

The present report gives the results of an R & D study directed toward

" the evaluation of a proposed aircraft fuel tank inerting subsystem, The

s e =

basic concept is t0 use tha nitrogen in the atmosphere as ballsst gas to
displace fuel delivered to the engines. Free oxygen accampamying the atmose
pharic nitrozen 1s reduced to a safe level by conversion to carbon dicxide
and vater by means of a catalytic combustion proceas which consumes a very
small fraction of the airczraft fuel, The water is removed from the ballast

gas before it enters the fuel tanks, :

2. CBJECTIVE

The ocbjective of this technical effort was to establish the feasibility
of the proposed iperting subsystem, and to develop the basis for preliminary
subsystem design., The performance goals toward which the investigation wvaa
directed are as followa:

a. Oxygen concentration of 2 to 5% (volume) in the ballast gas.

b. Maximm water concentration of 5 ppm in the dallast gas.

c. Mimimmz catalyst life of 50 flight hours without regeneration,

d. Regencration capadility by & technique which does nct require

umsual o highly intricate equirment, ensbling the catalyst
1ife to reach a minimm of 500 tlight,hcura. I
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e, Inarting subsystem weight not to excesd 0.L% of the originsl
fuel weight,

f. ’Capability to supply ballnst gas during & dive in which the
embient pressure change reaches 14,7 pi/mimte.

g. Capability to function with JP-L, JP-5 or JP-T fuel,

h. Capadility to provide the desired inerting protection for
both subsonic and supersonic aircraft at altitudes of 0 %o
&p(m feet,

1. Conformance to emriromentu.l test requirenents as set forth
in MIL~Std-810,

3. TASK DESCRIPTION
" At the outset of work, the investigation was dividzd into thrée prin-
cipal parts, and two of these were subdivided into {ndividual tagks, all
of which are dzscribed belowv, ,
8. Catalytic Combustion (Task I)
(1) Literature Survey

Determination of catalytic systems and techniques reported in
the literature, used either ccomercially or in r_esea.rch.

(2) screening of Camercisl Catalysts

Identification of comercisal catalysts having possible utiiity
for the proposed subsystem, and caxparative evaluation’ of their activities.

(3) Screening of New Catalysts
Evaluation of catalysts that are not availsble cowrercially

" but have shown high activity in lsboratory tests or might be expacted to

do so frem fundesmental considerations.
(4) Basic Process Studies
Applies to catalysts selected under (2) and (3). Includes
analyais of the effects of terperature, pressure, space velocity, and
other conditions.
(5) Erfect of mel Composition
Evalustion of the effects of changes in fuel type on catalyst

performance, with emphasis on use of jet fuels in place of simple hydro-
carbons, and effects such as rate of ccking and rate of activity loss.

s U PR




(6) Optimization and Regeneration Studles

Determination of optimal operating conditions for the catalytic
reaction, taking into account {nterrelationships between temperature, pres«
sure, flov rate, catalyst particle size, pressure drop in catalyst bed, and
the lixe. The primary gosl will be maximun conversion consistent with
catalyst .atsbility. Regeneration techniques are to be studied from the
standpoints of conditions to be used, the period of active service between
regenerations, and the pumber of regenerations that can de performed before
the catalyst must dbe replaced. o

b. Water Removal (Task II)

-

(1) Literature Survey

Collection and study of pubushed‘infcmation on drying teche
niques, with emphasis on achievexent of high rates and efficiencles (1.e.
jow exit water concentrations) under the expected cperating conditions,

(2) Selecticn of Feasible Methods
tive evalustion of drying techniques and egents,
individually and in cambinstion, based on information in the literature
and consideration of the performance goals.
(3) Process Studies

Aoalysis of the effects of temperature, presmire and flow
rate on both capacity and efficiency of the selected drying agents.

(k) Etfect of Fuel Camposition

Evaluation of pcéaibla adversze effects of jet fuels md
ccxponents taereof on the most effective water removal agent or agents.

¢. Conceptual Design (Task III)

Degign of subsystem based on literature data and data generated .
in the experimental program. Major considerations are to be minimum weight,
maximum relf{ability, and ccmpatibility with the main system (aircraft) of
which it is a part. - ‘
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SECTION II

SUMMARY

A study of the proposed scheme whereby inerting protection for
aircraft fuel tanks is provided by gas produced in the catalytic combustion
of a small fraction of the aircraft fuel was conducted, There were three
main tasis: catalytic combustion studies, a study of methods of removing
combustion water, and concepiual design. It was shown that the inperting
subsystem is technically feasible, '

Conceptual designs were directed toward inerting subsystems for
a tactical military aircraft, the C-lil transport, and the 85T. It was
specified that protection against ignition of vapors in fuel tanks be
provided at altitudes up to £0,000 feet and at rates of descent equivalent .
to an ambient pressure change of 14,7 psi/min, Ballast gas entering the
fuel tanks is to contain 2 to 9% free oxygen, and ro more than 5 ppm water,
except for theC-llil aircraft, where it was specified that the ballast gas
contain no more than 0,001 1b water/lb dry gas, or 1,555 ppm V/V.

The flow of ballast gas varies widely, In the SST, it 4s 15 cfm
at level cruise, 360 cfm during normal descent, and 3650 cfm during a powered
ezergency dive (all values at the respective prevailing ambient pressure).
From 13 to 16 pounds of combustion water 4s produced and removed during a .
© 3.hour flight having one ascent and one descent, Only 0.006% of the initial
fuel supply is needed to generate the inert dballast gas. '

In geperal, the aame approach was used in develeoping the conceptual
design for each of the three types of aircraft, A fev variations were mads
intenticnally in erder to point out and compare alternate means of sttacking
a problem, The designs used wer® not optimized, and welightis were estimated
using methods normally spplied to chemical processing ecuipment. Two designs
of inerting equipment for the SST were prepaved, representing a "normal® f£1izht
erd & flight eherted by an exergency, povered descent. In the farmer cage the
weight of all equipzent, most irancfer lines, and catalytic and drying egonts
(exclusive of insulation, controls, and any required surperting siructure) was
found to be 4,640 pounds., The reprecents 2,35 of the criginal fuel weight,
as compared to the target value of O.k%. The weight breakdown is as follows:

Conbustor and feed equipment 831 1b
Heat exchangers (gas coolers) 2110

Gas drier ‘ 1393
Cooling water supply 06
Total o0l

. In the latter caze, the weight of all the equirment 4s 8,229 1b or 4.1% of
'the original fuel weight, Tbhe weight breakdown is as follows:

Cozbustor and feed equipment S57 b
Heat exchangsrs ’ 2212
Gas drier

Coolirg water supply

AT L 15 D KSR i I . [




A similar analysis prepared for the tectical aircraft yicldzd
the following weizht breakxdown (exclusive of insulation, controls and any

required supporting structures):

Cambustor and feed equipment 165 b
Heat exchangers 524
Gas drier 305

Water supply ‘ 70
Total 1066 Idb
which represents 6.4% of the initial fuel weight. ‘ o ‘ ;

A R
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g

An inerting subsystem was designed in concept for the C-14l
aircraft, and the weights were as ‘follows:

Carbustor and feed equipment 37186 v

"-:;‘!?Fé-"}‘«“ 2

Heat exchangers 1273

Gas drier 832

Water supply , 176 4
Yotal 2553 Id @

vhich represents 1.6 of the initial fuel weight,

Possibilities for reducing the weights toward the target level
include optimization of ths design, i.e. use of advanced materials, modi-
fication of equirment types and dimensions to cbtain more compact, light- !
weight units, ard reduction in the temperature at which coolants sre availsdle, '
Als0, alternate heating and cooling techniques may, upon investigation, effect
a net reduction in weight, Information received after cawpletion of the work
reported herein indicates that design optimization which incorporates flight
hardware techniques can result in an crder-of-magnitude reduction in the
weights of scme companents, ’ .

In the normal SST flight, the combustor design is based on 964
conversion of axygen (leaving 1% in the dry ballast gas) at the maximum ;
demand rate of 350 cfia, This provides considersble margin for catalyst i
deactivation, in the interest of a long service life. In all the other ‘ +
situatiors, combustor design is based on 75% conversion (5.5% residual oxygen)
at the maximm demand rate. 7This provides a smaller margin against deactivation. . '

B

T™he main criterion in reactor sizing is the rate of demand feor
ballast gas. There is no weight change during operation, only a gradual
diminishing of catalyst activity. In contrast, the drier must be designed
to perform at design efficiency while holding &n accumulation of water.

Both catalyst and drying agent must be regenersted. The frequency of catalyst
regsnsration to restore performance loss due tn the presence of carbonaceous .
deposite is not established. 1In fact, the catalyst performs well with de- !
' position of 10.6% carbon., The quantity of driing agent reguired to provide
10 prm residual wster concentrstion at the prak demand rate in the tactical
alrcraft provides capacity for 73 bours of cperaticon between regenerations.
In the C-1hi aircraft, the quantity of agen’ needed to satisfy the exit water
concentration limit provides capacity fer 230 hours of operatiom, In the S5
porzal flight situation, the weight of the drying agents must be incressed by
187 pounds or 25% in order to increase the service time from 28 to 50 hours,
vhich {s tha performance target. «
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Regeneration of either catalyst or clrying agent can be accome
plished in place with the assistance of a ground service truck, or by removal
of the agents (in prepackaged cartridges) and substitution of regenerated
charges previously processed at a ground facility. Based on a test using
an excess of JP«4 fuel of MIL-T~5161G quality, it is known that the catalyst
can be used at least 60 hours without repeneration,

The ultimate service life of both the catalyst and drying agent
remain to be demonstrated, However, it is estimated that the catalyst life
will equal or exceed the 500<hour target value. The time for replacement .
of the drying agent will be indicated by ebnormal flow behavior (rise in
resistance to flow) and/or by substandard drying performance. Replacement
requires removal of the cambustor (or cartridge) and drier (or cmridge)
from the aircraft, and processing at a ground station.

The combustion air in this subsystem is drawn from the high
pressure staee of the englne compressors., Fuel en route to the engines
iz used as a coolant, but must be supplemented by water, which is evapor-
o%ed in the combustor coils and dumped as steam. In the tactical aircraft
analysis, it was found that 314 of the combustion heat is transferred to
the fuel, and 65% to a special cooling water sapply.

Of the various catalysts evaluated, one designated Code A was
selected for in-depth studles because of its

e high level of activity for conversion of oxygen
® relatively low operating temperature

® best performance under.experimental conditidns
¢ satisfactory physical and mechanical properties

Removal of the reaction heat by evaporation of water in the
cambustor coils necessitates a supply of cooling water for the subsysten,
An additional benefit from this water is realized by directing the cooling
water to the coils in the gas drier before it enters the cambustor. This
provides the lowest practical drier bed temperatures, and therefore the
greatest removal of water. CaClz is the best high-capacity agent and zeolite .
the best high-efficiency agent, of those studied. Cambinations of the two
are used in most of the case analyses, .

. The data for each of the aircraft were analyzed to determine the effect
of ballast gas moisture conmtent on subsystem weight. In each case, the greatest
weight (and lowest moisture content) corresponded to the target moisture level,
and the lowest weight to the removal of water by condensation only, i.e. no
drying agent employed. An intermediate value was calculated for each aircraft
representing use of condensation plus a single drying agent, CaClp., The results
are presented in Teble I«J and Figure l-J, Appendix J, where it is szen that
the maximu possible reduction in weight renges fram 35% to 61% according to
the type of aircraft and choice of flight plan.
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SECTICN III
CATALYTIC CQMBUSTION STUDIES

1. CGEXERAL

Catalytic combustion to remove free oxygen from air is the key step
in this proposed method of obtaining inert ballast gas, and offers distinct
advantages over uncatalyzed cambustion. First, the reaction temperature is
far lower in the catalytic system, At present, a difference in excess of
2500°F. can be claimed, but this difference is subject to enlargement as
investigations directed toward more active catalysts contime, Ability to
operate at lower temperatures is advantageous in that less exchange of heat
is involved in preheating the reactants and ccoling the products, therefore
fewer penalties in camplexity, pressure drop and subsystem weight. A sube
stantial lowering of preheat temperatures can reduce or eliminate pyrolytic
decamposition of the fuel, and thus prevent or curtail fouling of the heat
exchange surfaces and other possible deletericus effects. Since the combustion
reaction is exothermic, thermodynamic considerations indicate a higher attaine
able equilibrium conversion of cxygen as the temperature of reaction decreases.
A further advantage offered by catalytic combustion is the prospect of obtaining
more complete reactions under fluctuating operating conditions such a8 might
exist on an aircraft. This is expected because the catalyst bed provides an
abundant quantity cf hot and active surfaces throughout the internal volume
of the reactor which can be expected to counter the effects of abnormalties
in composition ard temperature. Finally, the catalyst can impart a selecs
tivity leading to a more favorable distribution of gaseous end-products, e.g.
a high ratio of carbon diloxide to carbon monoxide, hence a greater uptake of
free. axygen.

Implicit in the above discussion is the idea of designing and formue
lating a catalyst which is well suited to this specific job. Rormally,
this is a major undertaking, particularly when the task at hand differs
substantially from cther tasks for which catalysts have already been developed.
In the present case, the strategy was to emphasize the test and evaluation of
existing commercial catalysts that might be recommended by virtue of previous
characterization work, In this way a time-consuming catalyst develcpment
program might be avoided, or at least deferred until a later phase.

2. RESUITS AND DISCUSSION
a. Literature Survey

The literature survey covered the design ard experimentsl aralysis
of heterogenecus catalytic reaction systems, theories of the effect of
temperature, flow rate, and preszure cn heterogenecus reactions, and the
formulation of efficient hydrocarbon cxidaticn catalysts. Consultatiocans
vere held with members of the catalyst develcpment groups st Cyanamid’a
Stamford Research Laboratories, to take advantage of their specialized
knowledge in this field.
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All hydrocarbon oxidations carried to corpletion in cammercial
practice are accamplished using an excess of air (axygen). Aa & consequence,
the literature references deal with stoichiametric quantities of
hydrocarbons at most, not with fuelerich systems. 1In the conceptual system,
it will probubly be desiradie to run with some excess of fuel to increase
axygen conversion., An important part of the research done on catalytic
oxidation of hydrocarbons has bzen directed toward the mamufacture of come
merically important chemicals, such as acrolein, or other partial cxidation
producta, as opposed to the ultimate products, carbon dioxids and water,
desired in the present instance, For these reagsons, the published literature
was not directly applicable, although it did prove useful in considering the
types of catalyst likely to perform well, and in planning the experimental
approach $0 be adopted, .

Anong the hydrocarbons, olefins appear to be most reedily oxidized,
neparaffins least readily, and aromstica intermediaste. "Among the paraffins,
the ahort-c(haﬁ campounds (methane, ethane, propane) yield the lowest oxidae
tion rates{3,%), It also appears that the relative efficiency of catalysts
terds to be the same for a variety of ocarbons where camplete ccrmbustion
to carbon dioxide and water is involved(5J); thus, it should be possible to
perform screening studies with a simple hydrocarbon gystem to rate a mmber of
catalysts against each other, Silver has seen much use ag a cataly }n studies
of the oxidation of olefins, either to oxides such as ethylene oxidel6) or
(with higher olefin® feed stocks) to carben dioxide and water(7), Higher
olefins®, when oxidized in the presence of varadium pentoxide catalyst,
tended to give intermediate oxidation products such as aldehydes and acids,
and cuprous oxide has been much investigated as a catalyst for oxidative
conversion of propylene to acrolein 7}, some combustion processes result
in substantial production of carbon monoxide, the further reactiom of
which is desirable as a means of consuming more free oxygen. Catalysts
noted for utility in the lowetermperature conversion of carbon monoxide to
carbon dioxide include the oxides of copper, manganese, cobalt and silver,
while oxides of otlier metals (e.% iron and zinc) are cited for activity
in the higher-temperature regime 8). Tae selectivity of catalysts for
specific reactions is illustrated by the fact that platinum and palladium
catalyze the oxidation of hydrogen by air, subject to poisoning by carben
monoxide, while manganese dioxide catalyzes the selective oxidation of
carbon mono:(i?e by air in the presence of 100-1000 times the concentration
of hydrogen 9}, Noble metals, specifically platinum and palladium, have

-lcng been known as active oxidation catalysts(10), but their use has been

limited to systems where the purification of feed stocks can be justified,
or vhere it has been shown that feed gas compositions are such that the
catalyst would be acceptably free of poisoning effects, and where activity
or selectivity advantages outweigh the relatively high cost of these
materials. '

 Mpigher rmolecular weight olefinic campounds
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The carrier on which the active catalytic agent is supported 1is
a very important consideration, The carrier can b: designed and prepared
to furnish & large exposed surface area over which the catalyst is dis-
tibuted, thus contributing to iniiial high activity. In addition, a
large surface arca can assist in preventing loss of activity causged by
sintering of catalyst crystallites crowded {oo closely together. Cther
functional benefits have also been observed(1l), ‘

Two a.pproaches are commonly used in analyzing hetercgenecms

“catalytic processes. One attempts to explain the reactions more or less

fully, taking into account each of the steps, including bulk diffusion,
pore diffusion, adsorption of reactants, mechanisms of surface reaction,
and desorption of products. The last three of these are often looked upon
as a single interrelated set of mechanisms (e.g. the langmuireRideal and
Langmuir-Hinshelwood models). This kind of technique yields basic infore
mation about the heterogenecus combustion process which is of great utility
in predicting the effects of various scaleup parameters. The technique,
however, requires the collection of large amounts of very precise data

and a very complicated and timeeconsuming data analysis. Furthermore,

the surface reaction models usually must be gimplified to keesp the muber
of unknowns to a reasonable level; this often results in poor data

fita because the model does not repressnt the real system closely

enough., The second approach conslsts of assuming that all the reaction
parameters can be lumped together, and conversion can be treated as a
function of contact time (with a pseudo-first order relationship) and
temperature (using the standard Arrhenius form)}. This method is sdmittedly
semiempirical, but agreement with experimental data over rather wide :
ranges is usually satisfactory. This technigue has found great favor in
industrial catalyst research, and was chogen for the catalyat studies
perforned in the present progran,

b. Screening of Commercial Catalysts
(1) Selection of Candidates

Rumerous catalysts are used commercially for oxidation pro-
cessing. Examples of such catalysts are those used for oxidatiom of
noxious automobile exhaust products, for conversion of sulfur dioxide to
sulfur trioxide, ethylene to ethylene oxide, ammonia to nitrie oxide,
naphthalene to phthalic anhydride, and propylene to acrolein, among others,
These possibilities were identified and considered during discussions with
members of the catalyst research group at the Stamford Research Laberatories,
and used as the basis for inquiries directed to major developers and/or
producers of commercial catalysts. In describing the anticipated application
conditions, care was taken to stipulate the projected use of stoichicmetric
or fuel-rich mixtures, and there was general recognition of the significance
of this application feature. In addition to American Cyanamid Company,
recormendations and samples were obtained from Davison Chemical Company
(Division of W. R. Grace & Campany), Engelhard Minerals and Chemicals |
Corporation, Girdler Catalysts Department (Division of Chemetron cOrporatim),
and the Bs.rshaw Chemical Corpany.

’ As a result of these inquiries and responses, twelve catalysts were
selected for inclusion in the screening test program. These are identified
and described in Table I, in which certain data gaps refleet a reluctance
of the suppliers to publicize descriptive details,
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(2) Methods
(a) General

' A performance test capable of gaging the activity of
candidate catalysts under texperature, pressure and ccrposition conditions
of interest was chosen as the main screening criterion. The test was
established on a "ench" scale go that meaningful data could be obtained
usging small amounts of catalyst. In general, it was possible to carry out

" these tests so that performance features other than activity per se, such

as ability to convert essentially all reacted fuel to carbon dicxide (CO2), _

".or tendency toward crumbling or dusting, might be observed.

(b) Test Apparatus

A schemsatic diagram of the test unit used for the screening
tests appears as Figure 1. The reactor consisted of 1" I.D, Type 315 SS
tubing 30" long, through the center of which ran a 3/16" 0.D. x 27" long
thermowell, The reactor diameter was chosen to provide the desired minimum
radial space for catalyst, considering the expected range of catalyst grain

.size; a diemeter greatly in excess of 1% would have caused large radial

temperature gradients and required large quantities of catalyst, The length
was chosen to permit study of the effects of variations in contact time and,
level of preheat, and the high conversions cbtaired with short beds of the ..

. active catalysts ghowed the length to be ample for screening purposes.

Figure 1 gshows a preheater capable of regulation to introduce the reactants

at various temperatures., A metal coll exposed to the laboratory air was uszed
to reduce the terperature of the exit gases in preparation for sampling and
analysis. A Beckman Model 1C9A Hydrocarbon Analyzer and a Beckman Model 77700
Qxygen Analyzer were installed ineline to provide data on exit gas composition;
in sme of the runs, additiocnal data were cbtained by pericdically withdrawing
gas samples ard sudbjecting them to infrared analysis., The furance surrouniing

‘the reactor tudbe differed from the massive metal block commonly used to heat

and maintain the temperature of tubular reactors, Such units provide relatively
constant temperatures surrounding the reactor, but the thermal inertia i3 so
largs that warmups, cooldowns, and temperature adjustments consume long pericds
of time; e,g. it is hardly ever possible to ccllect datas at more than one

temperature on a given day. The furance constructed for this program was

fabricated using 0.5" thick-walled Type 30% SS tubing into which two external

.spiral grooves bad been machired. RNichrame heating wire running through each

of these grooves, and connected to separate control circuits, provided the
means of temperature control. Although the mass of metal in the furnace tube
was sufficient to provide reasonably uniform temperatures around the reactor,

-4t was small enough to permit quite rapid temperature adjustments, e.g.

20-400°C. in a period of one hour. Thus, there was reasonsble prospect
of being able to get performance data at several temperatures in a given
d‘y . . ’ . . ¢ E !
With two exceptions, all catalysts listed in Table I were
tested for activity in the above apparatus, using propane fuel and the gaseocus
feed system. 1In later tests with JP«7 end JP-l fuels, the liquid feed fuel
feed system was used. This ccoprised a metal blow case, a two=fluid atemizing
nozzle, and a heated vaporization chamber, Flow of fuel to the nozzle was

~regulated by means of an indicating flowmeter and a precision needle valve,

1
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Nitrogen was employed as the atamizing fluid, and a check velve guarded
against the accidental backflow of air into the heated veporization
chamber. Whether feeding gasecus or liquid fuel, provision was made for
dilution of the reactants with nitrogen, for reasons discussed below,

Difficulties were experienced in cperating the oxygen
analyzer during scze of the screening runs. These difficulties were not
encountered after Run CCP-14, following replacement of the sensing element,
The hydrocarbon analyzer could not be used for liquid fuel runs (on either
inlet or exit streams) because the instrument's measuring temperature was
below the temperature of condensation of the fusl vapors.

(¢) Test Procedure

The key to a workeble screening tezt procedure lay in
obtaining a proper proportion of diluent gas (nitregen)., At an excessive
dilution, the flowing gas mixture dissipates tco much of the heat of
reaction, vhich presents difficulties in achieving and maintaining the
catalyst temperature required for a given level of conversion. At very
low dilution, the gaces transport 8o little hoat that high radial tempere
ature diffcrences dazvelop within the bed, presenting a problem with
overheating of the catalyst. The proper degree of diluticn provides a
tolerable rise in catalyst temperature above that of the surrounding
furaace tude,

Experiments carried out using propans fuel and Code A
catalyst to establish a standard level of d{luticn shoved that a mixture
containing 1.5% propane, 7.5% oxygen and 91% nitrogen was tco rich. The
maximm temperature at the center of the catalyst bed rose from approxime
ately 400°C, to 1100°C. in less than 30 minutes., This rate of rise did
not provids sufficient time, at any given terpareture, to collect data
representing catulyst performance, By decreasing the concentration of

erld axygen to 0.75% and 3.75%, respectively, the rise tims from
00°C. to 800°C, was increased to 142 hours, and the maximm (hot epot)
__ tesperature could be readily controlled at the 800°C. level, This dilutiecn
“level becrue-the standard on screening tests made with propane fuel, end
the following procedure was estsdbliehed, =~~~ o

1. The axygen analyzer and hydrocarbon analyzer were
calibrated, using known sazuples,

1. A charge of fresh catalyst was weighed and placed in
the reactor tube at a location well below the top of
the heated section.

Hitrogen flow was directed through the reactor and catalyst,
vhils the furnace was heated to a ture
spproximstely 50°C. below the expected "light-off® tempersture,
1.0, the temperature at which the roaction rate would be sufe
ficient to carry the catalyst temperature above the furnace

temperature,
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iv, While elavation of the furnace texperature contimied,
the flows of oxygen and propane in the steichismstric
ratio for complete cxidation were initisted, and
tesperatures were monitored in order to detect the
light=-off temperature, When this terperature was reached,
the furnace was usually placed under sutcmatic control to
maintain o constant temperature.

v. Periodic measurements were made of the oxygen and hydro-
carbon content of the inlet ard exit gases, and the
temperature at various locations along the center axia
of the bed. In same runs, saxples of the exit gas were
taken periodically for determination of $ CO;, and various
temperature, pressure and flow rate data were recorded.

vi., Collection of data contimied in this manner until the
maximm catalyst temperature reached a predetermined
upper limit, or until comversion reached essentially 10C%.
Then the gaz stireams were shut off in the order of propane,
oxygen (air), and nitrogen, '

vii. The instruments were recalibrated.

viii, When cool, the reactor tube was removed fron thé furnace

and emptied of catalyst. The catalyst was examined visually
and weighed for coxparison with the initial weight charged,

In the 1iguid fuel runs made during the basic process studies; the seme
test procedure was employed, but care was taken during startup to insure

4the absence of residual fuel from a previous run, This was done by

testing the exit gases for CC» while paszing a mixturs of nitrcgen and air
through the reactor as the furnace terperature was raised.

The propane used in these runs was c.p., grade, vith

minimm purity of 99%. The nitrogen was purchased in licuid form, ard had

s minimm purity of 99.9%. The air was cbtained fram a compressor, and

* passed through a separator, trep and filter before entering the test

apparstus,
(3) Results

Screening test runs were made on all of the ceemercial
catalysts listed in Tadle I, with two exceptions. The Code L catalyst
was not tested becauze it was deslivered so late in the program that to
run it would have seriously disrupted other experimental studies requiring
the seme apparatus, The Code C catalyst was not tested because of its
similerity to Cocde G and H catalysts, Conditions used in the screening
tests are sumparized in Table II; the space velocities ranged from 7,500
to 100,000 hr=l, and the catalyst volume was either 15 or 25 cc. A 200
excess of fusl was ussd in the first 3 runs shown in the tadle; all cthars

- were carried cut with the stoichicmetric ratio.
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Results cdbtained in thz scrcening tests where signie
ficant conversion was cbserved are tabulated in Azpendix A, Tables I-A
through IX-A., Figures 2, 3 apd l-A through 6-A ghow clearly the
effect of temperature on conversion in each case., In sowe of these tests,
the combustion gases were ssmpled and analyzed for COp content, This made

" possidle the ccopletion of a carbon balance, assuming all consmured oxyszn

to be accounted for by CO or COz. Calculated fractions of reacted pmpm*
converted to (0Op as a function of conversion level are shown in Figures 4
and 5,

(h) Discussion

Of those catalysts tested, the Codes G & H

' catalysta proved to be inactive for this reaction at temperatures up to

the supplier's maximum recommended values. All others showed signi-

 ficant activity, In the temperaturec-conversica curves, two conversion

functicns, oxygen in/oxygen out ane Jn (oxygen infoxygen out), are plotted
on a log scale versus the reciprocal of the absolute “hot spot” temperature.
The former should be a straight line if the eacticn is overall seconde
order with respect to hydrocarbon, and the iatter should be a straight line
if the reaction is overall first~order. (This interpretaticn is desvelcped
in Appenaix B.) In the present screening tests, it is inferred that the

- kinetics ri te to the concentration of propane, since it has been obszerved

previcusly{5) that the oxidation of propane over many catalysts epproxe .
‘imates firste-order with respect to propanes concentration and gzeroworder ‘
with respect to axygzen concentration., The curves indicate that a first.crder
kinetic relationship obtains for thé cambustica reacticn(s) carried out in
the pressnce of all but two of the catalysts. Catalyst D showed an

overall second-order response, and Catalyst E  showed fracticnnl-ardzr

. response,

Code A catalyst and Code F catalyst are revealed
(n@resem,‘i)tobetbemﬂactin of 211 the catalysts tested, up
to the maximum recormended tempersture for each catalyst, or to an arbitrary
maximum temperature of~ 800°C. vhichever is lower. The 800°C. teaperasture
was selected as a maximum largely beceguse it was Imowm that scwe of the
catalysts were sufficicntly stadble to remain active for long periods of time
at that temperature., The use of lower texperatures would dbe preferred, in
fact, as a means of lessening both the preheat requirements on startup and
the heat exchange duty for coolin,g the ccmbustor exit gases,

The initial sexple of Code P catalyst consisted of 5/8" .
W, which i3 the form in which it is normally used. 7o prepare it for
test in our apparatus, the rings were crushed and sized to obtain a fraction
of particles betveen 8 and 16 mesh (Tyler designation)., Back pressure
increazed during the screening test, which was protably due to further
sechanical Breakdown of the catalyst gramles, leadirg to clogging of flow
channels, As & recult, the maximum attairable floy vas egulvaient to a
gpace velscity of only 21,600 hr.=l, The data obtainad ('I ble IV=-4 end
Pigure 3) irdicated the Code P catalyst to bave a ruch higher rate ef increase
of eonversion with texperature than any of the cothor c&talmts. Bowgoey,
there were technical difficultles Guring the test(12), and the JP-7 fuzd
test results (Teble X-A) with Coda F catalyst in 1/8% x 1/8" tablet form
ars more meaningful inassuch as no evidence of mechanical degradatica was scen,
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: These arc more closely comparable with results cbtained with jet fuel
{ over Catalyst A at the same space velocity. The casparison is shown

: in Pigure 14, where it is seen that Catalyst A is more active, For a
more rigorous ccmparison, catalyst size and shape should be identical,

Differences in C02/CO distribution in the exit gases
are significant becsuse of thelr effects on the amount of free oxygen
converted per unit quantity of fuel burned, and associated heat and
volume (pressure) effects. The plots in Figures 4 and 5 show that the
Code A and Code F catalysis are characterized by high conversion of CO 2
to CO2. The low conversion over Codes J and ? Satalysts 15 in line with 2
the experience of others using VoOs catalysts(7),

Aside fram features already mentioned, the various Py
catalysts tested in the screening progrem did not exhibit any other E
distinguishing characteristics, . .

c. Screening of New Catalysts
(1) General | |

A catalyst that had not yet reached commercial status was
tested., This forrmlation indicated it might provide higher thermal
stability with little penalty in initial activity. The catalyst desige
nated Ca M, was given a screening test at a space velocity of
100,000 hr=+ using a stoichicmetric mixture and propane fuel. Run
conditions are given in Table IT (CCP-27).

(2) Results and Interpretation

Data obtained for the acreening test using Code M catalyst
are swmarized in Appendix Table XI=A. A conversion of 303 was obtained
at the maximm furnace temperature (525°C.), giving an exctherm of about
80°C. at the "hot spot™ location, Pigure 7, where data for regular Code A
catalyst at several space velocities are plotted, shows several points
from the run vith Cods M, indicating lower activity for propane oxidaticn,
Unfart:nately, tizme did not permit further testing under directly ccoparable
conditions,

B e e e

d. Basic Process Studies
(1) General

A selection of catalysts was made based on the ccreening test
results, in order that work under this task of the program might be cone
centrated cn one or two catalysts. Code A and Code F catalysts were
selected for the process studies. All experimental work was conducted using
the test apparatus describded previcusly (Figure 1). Most of these studies
were mede using propane and JP=-7 fuels, Same tests on Catalyst A were carried
out using a JP=4 fuel representative of MIL-T-5161C specification, which is
about as low in quality as JP-4 can be,
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The following discussion indicatea several areas in which
sdditional atudy is advisable, but could not be undsriskepn as s part of
the present prograa due to demands for manpower and apparatus on otber
essential tasks in the program,

(2) Results and Discussion
(a) Space Velocity
The effect on catalyst performance of changes in space

velocity was studied simply by adjusting the total flow of inlet gas to
the catalytic reactar, Except where the effects of variations in reactant

. ratio were the sudbject of study, these runs were made at the stoichiometric

ratio. The accuracy of the resaction rate constants calculated therefrcm
was not as high as can be ocbtained in the laboratory because significant
(urmeasured) radial temperature gradients cxisted in the catalyst bed,
However, the uniform treatment of the data in these tests did yleld rate
constants of value for conceptual design studies. The rate constant at
any given temperature was calculated from the run data, assuming that the

 entire charge of catalyst was at this temperature; in reality it was the

maximm temperature measured in the central thermowell.

The first part of this digcussion is confined to tests
made with propane as fuel. The effect on Code F catalyst performance
of variations in space velocity was investigated in two runs. Conditions
are summarized in Table IIY, data in Tables XII-A and XIII«A in Appendix A,
and the first-order data plots are given in Figure §, Similar information
was obtained for Code A catalyst, see Runs CCP-6, 8 and 23 in Tables II
and III for conditions, Tables II-A, XIV-A and XV-A for data sumaries, snd

. Flgure 7 for plots of the data.

. _ A discussion of Code F catalyst results is of

doubtful value b?cm}se cf the undetermined amount of dusting or crumbling
vhich tock placell? Catalyst A data are more reliable in this respect.

The plots in Figure 7 indicate a nom-linear response of conversiom to

space velocity at a gi temperature in the space velocity (SV) span of
16,000 to 53,000 hr."t. Additional data are needzd before this can be
interpreted in terms of the catalyst and operating characteristica for propane
fuel., It is possible that additional information on temperature profiles

in the radial directian would help to account for the apparent non-linear
response,

A number of runs were made with JP-7 fuel over

Code A catalyst, using stoichiometric mixtures at various space velocities

in the range of 32,000-150,000 hr.=l, and these provided the basis for
calculation of the reaction rate constant using the Arrhenius equation.
The run conditions are summarized in Table IV, see JT-l4, JT-5, JT-5A and
JT-SB. The calculation method is described in Appendix C. Results at
725 C. are as follows: S
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o

Run Rurber

sv_(hr-1)

K {vol. gas®/vol, cat.-hr,)

JT-4 53,300 1k2,000
* JT-5 100, 000 143,000
JT-6A 150, 000 194,000
JT-6B 100, 000 143,000

The highest of these values was chosen as a basis for desigzn calculations,
This cnoice is conservative because there iz evidence [Section ITT-2-f-(1)]
that the comtemplated use of excess fuel will provide higher oxygen cone
vergicn., Also, one can expect 40 dasign an opazrational bed in which a
greater portion of the catslyst is maintained closze to the desired terpere
ature. The bed tezperature of 725°C. was chosen because the supplier of
Catalyst A advised that this catalyst had been found to have satisfactery
thermal stability at that level,

The design rate constant was in quite good agreement with
the constant determined experimentally with a stoichicmetric mixture of
JP-i fuel and oxygen, using a charge of diiuted Catalyst A that had been
used previously for the 60-hour run with variocus excesses of JP-i (see
Table V). Data for the rate constsnt determination are shown in Table
XXII-A, Appendix A, GCraphical in‘erpretation of these data yield a value
of 218,000 hr~1 for K, the reaction rate constant. The fact that the
reactor pressure in this run reached 32 psia may explain why the value is
about 13% higher than the design value (szee below).

(b) System Pressure

An attempt was made to evaluate the affect of systen
Pressure on the performance of Coda A catalyst with propane fuel, It
proved unsuccessful due to the Jack of relisble pressure data, The prese
sure effect was evaluated cnly in the case of liquid fuel and Coda A
catalyst, and over the range of 0.5 to 15 psig, using the stoichicmetric
fuel-air mixture. In these studies, system pressure was estimated at the
midpoint of the catalyst bed using readings from gages in the entrance and
exit lines, and allowing for the relative amounts of inert ceramic beads
packed above and below the catalyst bed. Run conditions are given in
Table IV (see Runs JT-2, 5 and 6A), and results were used to calculate
reaction rate constants under actual reaction conditions. The results of
these calculations are given in Figure 8, wnhere and represent the
"hot spot™ temperature (°K) and the pressure (psia) existing et the center
of the catalyst bed. All of these runs yielded data points at 600°C., and
a comparison of the rate constants at that temperature was made.

cu., ft. pas®

Reaction pressure, psia b et =)

Run Rurber

JT=-2 15.2

JT=5
JT-6A

Bvolure includes volume of fuel vapor
{4

21.7
1 29.1

30,k
51.1
53.0

1
2
E3
¥
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The sbove findings indicate an increase in the rate constant with increasing
system pressure. It would be useful to study the subject further in tests
where system pressure is varied independent of space velocity, the effects
of varying catalyst grain size are evaluated, and the preasure regime is

extended below one atmosphere,

(c) Catalyst Grain Size

This study was confined to Code A catalyst. Although
all performance runs were made using the same size Catalyst A (1/16" dia, x
1/8" average length), the effect of particle size on pressure drop was
detarnmined at two levels by measurements made while passing alr at room
temperature through the reactor tude, A differential pressure gage
(Wallzce and Tiernan Model FA14l) connected to pressure taps in the top
and bottom end closures of the reactor tube was used, In addition to the
grain size given above, Catalyst A with 1/32" dia. x 1/16" averagze length
was tested, Blank dats representing the reactor tube and catalyst bed
support internals were collected so that data for tre catalyst bed only
could be obtalned by difference., The results are shown in Figure 9.

Because there is a volume increase associated with the
complete oxidation reaction, it may be expected that this effect (in
addition to normal thermal expansion) will cause a significant response
in pressure drop across the bed as conversica level increases. Such is
indicated in Figure 10, plotted from data taken in Runs JT~2 and JT-h,

(4) Temperature Profile

Data were obtained by thermocouple traverse in the
central thermowell, during all runs, to locate the maximm, or "hot spot",
temperature, The amount of exotherm was influenced by the extent of
reaction and other factors, as indicated by data taken under differing
conditions, One run was made, using propane as fuel, in which the Cads A
catalyst charge wag diluted uniformly with inert ceramic beads in the ratio
of two parts (volume) of beads to cme part of catalyst., Run conditions are
given in Table VI (see Run CT=2). This run produced a series of temperature
profiles along the center axis of the catalyst bed, which are shova in
Figure 11, Table IV and Figure 12 zive corresponding information for a
run in which undiluted catalyst and JP-7 fuel were employed., See alsc data
in Table V and Figure 21 pertaining to tests with JP-i fuel,

The curves in Figure 12 show that the exotherm, even
when operating with substantial nitrogen diluent, was in the vicinity of
350°C. at the central thermowell. When the catalyst was diluted (Figures
11 and 21), the exotherm measured from point of inflection war more

" manageable, ranging from 250°C. to 320°C. depending upon conditions in the
run. Some shifting can be detected, resulting from changes in composition,
space velocity and preheat condition. One of the significant aspects of
profile contiol is the effect of "hot spots" on the stability of catalyst
activity. During the useful lifetime of a catalyst bed, the point of
maximum reaction (and temperature buildup) will shift from one location to
another, until large portions of the bed have become thermally deactivated
to about the same degree. Superimposed on this pattern of deactivation
would be the temporary loss of aclivity, through coke deposition, and the
restoration which takes place via regeneration.
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e, Effect of Fuel Composition

(1) General

As stated above (III-2-2), the relative activities of
catalysts for the oxidation of various hydrocarbons can generally be
predicted if one knows the relative activity for just one type of
hydrocarbon. However, testing of performance with military jet fuels was
specificd as a part of the investigation to be made using catalysts chosen
as a result of the screening program. Through consultation with the
Technical Project Enginecr, JP-T was selected as the first priority fuel
for this purpose. A sample of JP~7 was furnished from the Aero Propulsion
Iaboratory at Wright-Patterson Air Force Base, along with the typical

properties appearing in Table XXXIII-A., To asugment this informaticn, a portion

of the JP~7 sample was analyzed for sulfur, carbon and hydrogen content,
The resulis were as follows:

Sulfur content, % wt, none found®
Composition:
carbon, % wt. 8.3

The Aero Propulsion laboratory also provided samples of JP-h
fuel representative of MIL-T-5161G quality. The inspection data are
given in Table XO{III-A. It can be sea2n that this fuel differs substantially
from typical JP-7., The arcmatics content is close to the maximum permitted
in JP-4, and the data otherwise indicate a relatively lowequality fuel.

: In order to operate the 1" tubular reactor with liguid fuel,
the liquid feed system shown in Figure 1 was installed end tested, This
provided for pressure-feeding of the fuel through a filter and meter to
an atomizing nczzle at the base of a heated vzporizing chsmber, Hot
pitrogen wvas supplied to the nozsle as the atcaizing fluid, The mixture
of nitrogen and fuel vapors was next passed through a heated line to a
position near the preheater where the air supply (and more nitrogen) was
introduced. A check valve prevented backflow of oxygen=containing gases
into the vaporizing chamber, 'In general, this syatem functioned satise
factorily, dut fluctuations were encountered that required close attention
to maintain a deaired flow rate in the range of 15 to 100 ce/hr,

Unréucted liquid fuel prezent in the reactcar exii gases cone
densed in the line as the gases were cooled as required far delivery to

the in-line analytical instrurments, The hydrocarbon analyzer did not
function on liquid fuel runs; therefcre, carbon balances were cm;ted

- only on propane runs,

.Bpy bamd cambustion and turbidimetry, sensitive to 25 pmm.
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(2) Tests and Results

The various runs made using JP-7 fuel were carried out undﬁr
conditions summarized in Table IV. The test conditions for JP-U4 fuel are given
in Table V. The purposes of these runs, and the results obtained are discussed
hereinafter. o N _ ‘

(a) sSpace Velocity and Temperature Effects

Runs JT-2 and JT-4 (see Table IV, were conducted over Code A

cataj\yst at JP-T mass flow rates calculated to match those used in earlier

prepane runs made with standard nitrogen dilution and at the space velocities
shown in the table. Tables XVI-A and XVII-A (see Appendix A) give surmaries
of the data obtained, and Figures 8-A and $-A give the temperature vs cone
version plots based on these data, As in the cese of propane, firgt-order
dependency is indicated. Comparison of the first-order lines in these
figures with those in Figure 7 indicate a more gradual slope with the jet
fuel, undoubtedly reflecting oxidative attack on the higher-molecular=
weight hydrocarbons in the low-temperature regime.

Additional runs were made with Catalyst A at still higher
equivalent space velocities, ranging as high as 150,000 hr, =1, Ssee con-
ditions given in Table IV for Runs JT=5, JT-6A and JT=-6B. This series of
runs was made over the same charge of Code A  catalyst. The higher space

. velocity in JT-6A was achieved by increasing the flow of diluent nitrogen,

and the conditions in JT-6B were matched to those in JT=-5 as a means of
detecting any change in activity, The data obtained are surmarized in
Tables XVIII-A, XI{-A and XX-4, and plots based on these data are given
in Figures 13, 10-A &1}A . An inspection of these data and the firsteorder
plots shows very little effect of space velocity om conversion, at a given
temperature. The most probable explanation for this is the increase in gys-
tem pressure, especially at the higher end of the range., Increased prese
sure would be expected to favor increased conversion if the diffusion of
hydrocarbon into the pores and/or the adsorption of hydrocarbea onto the
catalytic surface are rate-controlling steps. This is in line with the effect

~ of using an excess of hydrocarbon, as brought cut elsewhere [Section I17-2-

r-(1)].

: The 150,000 hr,=1 space velocity run was made at the
upper limit of our test apparatus, and does not represent an upper limit
for the catalyst. There was insufficient time to modify the apparatus
to permit higher flow rates; therefare, the performance of the more aciive

'cat&lyst.. has not bheen mlLy evaluated,

(b) Effect of Sulfur
We were advised that Ccde A catalyst had been found

insensitive to polsoning by the sulfur ncrmally found in motcr gasolire,
Our analysis of the JP=7 fuel showed no sulfur present, dcwn to the assay
sensitivity limit (25 ppm).  The JP-i fuel samples contained 0.1£%
sulfur. The effect of this sulfur per se on catalyst performance was not
-isola.ted, but the results of the 60-hour test run and the activity checks
be. o and after the run (Pigures 18, 19 and 20) indicatedlittle or no effect.
Chemxcal analysis of the Code A catalyst used in these tests showed that the
S content of the catalyst had increased from 0,03% to O.47% at the end
of th;i 60=hour performance test and that regenreraticn caused a reduction
to O.
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(c) Coke Deposition

It was not possible to calculate the production of
coke in runs where liquid fuel was used, due to the inoperability of the
nydrocarben analyzer. However, therc was direct evidence (Section III-2«f)
of coke depositicn with JP-4 and JP-T fuels, The later discussion also
descrides a regeneration treatment which successfully removed deposits of
coke, It appears from the available data that coking can be expected under
excess fuel conditions, regardless of fuel type, but that no special dife
ficulty would be presented unless a fuel were used that would allow metallic
poiszons to accurnlate on the catalyst "

(d) Catalyst Type

Only one corparison was made between Code A
and Code P catalyst using JP-7 fuel, The run conditions are given in
Table IV (Runs JT-5 and JT-9), and data are given in Appendix Tables
XVIII-A and X.A,” Figure 7-A gives a plot of the data, and Figure 14 shows that

catalyst A is clearly more active than Catalyst F, under these conditions. -

(e) Conversion to CO»

Data were obtained on conversion of JP-7 to carbon
dioxide, as opposed to the monoxide, using the technique explained pre-
viously. A plot of fraction converted to CO» vs conversion level is
shown in Figure 15, where it is seen that Code A and Code F
catalysts “ehave similarly as in the oxidation of propane (see Figure 5).
The fraction converted to CO: was calculated as equal to: :

CO> in exit mas vh ’
Oz in = ¢ 0> out x;9"' } ‘

which i3 based on the cremical reaction:
Coigp + W0, ——u 9CO; + 10HO

Similar values obtained during the 60<-hour run with JPh
and Catalyst A are indicated in Figure 18, wvhere it is seen that the fraction
of oxygen converted to COz i3 adout 70%. This significantly lower value
appears to be a function of fuel camposition, possibly reflecting the higher
arcmatics content of the JP=i, '

(3) Discussion

All of the above experimnul findings indicate that
JP-4 ard JP-7 fuels offer no serious problems insofar as catalyst perfarmance
is concerred., The JP-4 tests are of special significance because the propere
ties of the MIl.T-5161G samples used represent about the most deleterious
that could be expected in field use, and becsuse the tests were carried out
over a pericd exceeding 60 hours. Several asp-cts remain to be cxplored in
greater depth, particularly the performance effects associated with higher
space velocities and a wider range of pressures,
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f. Optimization and chehcration‘Studies

The experiments conductea in this part of the program were
directed tovard the selection of operating conditions that would most
nearly represent satisfaction of the system perlormance targets, The
various parameters studied are identified in the discussion which
follows,

(1) Excess Fuel

"Reactant ratio is one of the inportant operating parameters. .
If a fuel-lean mixture is employed, conversion of oxygen would be expected
to decrease, If a fuel-rich mixture is employed, conversion of oxygen
would benefit, but the rate of coke deposition might be excessive. A
simplified picture of the process indicates that carbon contained in the
fuel molecules may react to form one or more of the products: CO., CO
and C. The corresponding reactions consume different amounts of oxygen.
Hence, when propane is used as fuel (thereby allowing use of the hydro-
carbon analyzer) the oxygen, hydrocarbon and COp content of the exit gas

‘can be used to calculate the amount of coke formed, as carbon.

(a) Run CT-1 With Propane Fuel

‘ An zxtended run was made to stuvdy the performance of
Code A catelyst with propsne fuel in varying degrees of excess, It was
expected that the fuel-rich mixture would promote coke deposition, hence
this was referred to as a coking run, The run, conducted over a period
of 36 hours, was made vp of three periods in which ihe excess of fuel was
varied from 1004 to 300%, (See Table VI, Run CT-l.,) Computations made
from the data are plotted in Figure 16,

. ‘ ‘fhe conversion of oxygen was above 95% throughout the
run, attributable to both the excess of fuel and the maintenance of a

"hot spot" temperature above 750°C. Examination of the propane conversion
curve indicates coking during each of the periods, For example, during
Period I the theoretical maximum oxidative conversion of propane is 50%;
therefore, a substantial conversion to non-oxygen=containing products is
inferred during the early part of the period, The shaded area below the

coke curve represents the calculated amount of coke formed (as carbon)

and implies a production of 60 grams during the entire test., More interesting
is the shape of the coking curve in each period, showing an initial high rate
of formation followed by a decline, This indicates the possibility of a
change at the active catalytic surface (such as a change in oxidation state)
representing an adjustment to the new hydrocarbon concentration.

‘ Analysis of the catalyst used in Run CT-l showed an
accumlation of 4% (weight) carbon, representing only about 1 gram of the
60=gram calculated production,

(b) Run CT-2 With Propane Fuel

A second coking run of 60 hours duration was carried out
using prop:ne and Code A catalyst., Conditions are given in Table VI,
and differed from those in Run CT-l essentially as follows, The_catalyst

b2
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was djluted with inert ceramic beads in the ratio of two parts beads to

one part catalyst. During the six operating periods, variations were made .
in the amount of diluent nitrogen, and the amount of fuel was either
stoichiometric or in 100% excess. . Periods I and VI were made at "baseline"
conditions, the latter representing a performance check. Except for these
periods, the hot spot temperature was generally higher than in Run CT-1,
despite the catalyst dilution, because of the reduced flow of nitrogen

"diluent,

. Figure 17 shows the conversion of reactants to products
during the run, including calculated production of coke as carbon. It can
be observed in the Figure that conversion of oxygen rose to the 95+% level
at the start of Period 1I, and remained there through Period V.- The urief
operation during Period VI produced results similar to those obtained in
Period I. The calculated conversion of propane to coke was nil prior to
Period V, except for a brief time during Period I. The high conversion to
coke in Period V coincides with the highest catalyst temperatures recorded
during the run, and suggests that catalyst bed temperature should be limited
to 800°C. or even lower (under excess fuel conditions} in order to minimize
coking. Looking at both coking runs together, the high coke production
during Period I of Run CT-1l may in large part be attributable to localized
overheating in the undiluted catalyst bed.

(¢) Excess JP-7 Fuel

The effect of using excess fuel was studied further
using JP=7 liquid fuel. Run JT~7 was made with a charge of catalyst

‘that had been used previously in Runs JT-5, JT=-6A and JT-6B. Conditions are

given in Table IV, where it is seen that 100% excess fuel was employed, and

the space velocity was 100,000 hr.-l1, A summary of the run data is given

in Table XXI-A, and a plot of the conversion data appears in Figure 12-A. .
ison of the results with those of Runs JT-5 (Figure 13) and JT-6B

(Figurell-A)(same conditions except stoichiometric ratio) show that the

excess fuel makes a significant difference in performance. The rate constant

at 725°C. for Run JT-7 was found to be 373,000 hr.-l, as compared to

143,000 hr,-1 for Run JT-5. A deposition of coke took place in Run JT-7,

as evidenced by the results obtained on regeneration of the catalyst (see

Section III-2-f-(3) below). ; .

(4} Excess JP-4 Fuel

A run of 60 hours duration was made to define the performance
of Catalyst A while operating with an excess of JP-4 fuel typical of the
MIL-T=5161G specifications. During most of the run, a mixture containing
approximately 100% excess of JP-i was used (see Table V) but, as shown in
the table, there were periods during the first half of the run when the
excess of fuel ranged from 45% to 400%. /L summary of representative run
data is presented in Table XXVI-A, and a plot showing the principal performance i
trends is given in Figure 18, Tables XXVII-A and XXVIII-A contain summaries i
of performance test results cbtained with pror-ne under standardized con-
ditions before the 60-hour run, and Tables XXIX-A and XXX~-A contain similar .
information obtained after the run. Plots of these data showing the usual '
kinetic relationships are given in Figures 19 and 20, Inspection of these
figures gives little indication of a performance decline, within the limits
of the scatter in the data, Figure 21 shows several of the temperature pro- '
files obtained during the JP-4 run, as well as one taken immediately prior i
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to the run while feeding propane fuel, As observed previously, the "hot
spot" location is seen to shift position. Figure 18 show: “hat the
fraction of oxygen converted e COz may have declined about 10% over the
course of the entire run, but was stadbilized at the 70% level during the
last 25 hours. The "hot spot" temperature in the central thermowell
stabilized at ebout 765°C. over the last 2% hours.

- A sample of catalyst taken at the conclusion of the
60-hour JP=4 run contained 10.6% carbon, indicating a consideruble
deposition of coke. 7The specific surface of this sample was 139 nl/g,
as compared to 191 22/g for fresh Catalyst A, It is not known if the
level of coke had reached an equilibrium value, or if it was continuing
to increase as the test progresszd. The fact that the sulfur content of
the catalyst was reduced from 0.47 to 0.20% during regererstion indicates
that at least a large part of the sulfur was associated chemiczally with the
coke deposit, rather than with the catalyst itself. :

(2) Excess Oxygen

‘ One possible arrangement in the inerting subsystem would
utilize a two-stage catalytic reactor. As discussed elsewhere, this would
have the advantage of limiting the amount of heat released within the
catalyst bed, and would permit preheating of the fuel-air mixture {outside
the normal combustibility limits) without danger of premature ignition.

To test the performance of Catalyst A under conditions that would simulate
this situation, Runs FIM-lA and FIM-1B were made using propane fuel., Run
conditions are given in Table III, where it can be seen that no nitrogenl
diluent was employed, and that space velocities of 31,900 and 63,800 hr-
were used. Summaries of the run data are given in Tables XXII-A snd XXIII-A,
and Figure 22 shows a plot of the first-order data obtained in each case.

It is indicated by these results that the kinetics deviate considerably from
+he first-order relationship, a&nd that conversions are below those obtained
over the same catalyst under stoichiometric or fuelwrich conditions, again
indicating the importance of hydrocarbon concentration in the rate-controlling
step. Nevertheless, high conversion levels were attained (see tables), and
it appears that the two-stage concept is feasihle.

(3) Regeneration

_ The charge of catalyst contained in an osperational catalytic
reactor can most readily be regenerated withovt removing it from the reacteor,
Conceptually, either the reactor itself could be removed from the aircraft
as a cartridge unit, or the regeneration could be performed in place (on
the aircraft) by making connections to a2 service truck. In either event,
the regeneration would involve passing a flow of oxygen-containing gases
through the bed at a temperature sufficient to support combustion. The
gas mixture should not be too rich In oxygen, otherwise the catalyst might
become overheated,
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To test this concept, a chorge of catalyst used successively

in runs JT-5, JT-6A, JT-6B and JT=-7 (Table IV) was regenerated in place,
i.t., the charge was held. in the reactor tube while blanketed with nitrogen

. between the end of Run JT-7 and the start of regeneration. To perform the

regeneration, the temperature of the furnace surrounding the reactor tube
was raised while maintaining a flow of nitrogen. When the furnace temper=
ature reached L4756°C,, the reactor inlet temperature was 270°C., and oxygen
was introduced into the feed gas. The feed gas composition was 80 nitrogen

- " and 20% air, corresponding to a reading of 4.28% on the oxygen analyzer.

These conditions produced a moderate exotherm in the bed., The regeneratiorn
process was continued with close watch maintained on catslyst bed temperature
and exit gas composition, using both the oxygen analyzer and samples for CO:
determination by infrared analysis. Data are surmarized in Table VII, which

shows completion of the reaction after 85 minutes,

Following regeneration, the catalyst charge s used in two
performance iLests involving a fuel-lean mixture, presumably witaout any
laydown of coke. Then it was given an activity check using propane at
standard conditions (Run CCP-28, Table III), The results of this test are
summarized in Teble XXV-A, Appendix A, The change in activiiy is indicated
in Figure 23, wiere conversion is compared against that of a charrme of fresh
catalyst under otherwise similar conditions (see data summary of Table XXIV-A
and run conditions in Table III, No. CCP-26). In the 60-80% conversion range,
the loss of activity is seen to be represented by a temperature change of
30-40°C. At the conclusion of Run CCP-28, a sample of the catalyst was found

to have a surface area of 133 m2/g and to be free of carbon.

A second regeneration experiment was carried out using the
charge of Code A catalyst that had received a propane activity check fole
lowing the 60-hour run with JP-4 fuel. The regeneration conditions and data

.~ are sumarized in Table VIII. The fact that the exotherm on regeneration
.was not as great as in the test mentioned above can be attributed to the
. catalyst dilution. It is seen in the table that the production of COp was

contimiing when the regeneration operation was terminated. Chemical analysis
also indicates that regeneration was incomplete; 2.4% carbon was found on
the catalyst, Other changes caused by regeneration were a reduction in
sulfur content from 0.47% to 0.20%, and an increase in pore volume (mercury
porosimetry) from 0.49 to 0.60 ml/g., Specific surface was unchanged at

139 ys 135 m3/g. ‘ . ‘

The effect of this regeneration tr-stment on catalyst activity
was checked using propane fuel, and a compzrisoa is given in Figure 24,

- It can be seen that there was no substantial etrect, and it cannot be said

that there are any benefits to be gained by rezeneration after 60 hours on

_8tream with a 100% excess of JP-l fuel,

: . Further work is needed over longer periods, to determine Just
how long the catalyst can be used without regeneration. It would be desirable
to carry this work through at least two complete regeneration cycles, or
500 hours of reaction time, whichever cames first, and to operate at mixtures
more representative of anticipated operatiors, i.e. approximately 10f excess
fuel.,
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TABIE VII. RECENERATION DATA FOR CODE A CATALYST
AFTER TESTS WITH JP-7 FUEL

, Catalyst Reactor Furnace Fxit Cas Analysis
zhised Time Bct} Temp, Inlet Temp., Tep, Oxygen Carbon Dioxide
. Min. ) (°c) (°c) (°c) (% Vol.) (4 vol.)

476 L,28 0.00
L80 0.20 L,h3

: 0 sy2
2( ' 10 A ' 67k
15 749
20 757
| 7 763
-‘? 29 763
35 736
k2 732
s0 697
ST 650
. 63 620
5 568
& 556

L8 0.20 -
188 0.27 3.53
195 o5 3.40
496 0.55 3.40
505 0.88 2.75
507 1.42 2.26
509 2.38 - 1.53
509 3.20 1.13
505 3.80 0.36
503 h.22 0.00

§
]
g5
23
e
3
i
4

EREEEEEEEREEEE

500 4,28 0.00

 ew

R




TABLE VIII. REGENERATION DATA FOR CODE A CATALYST
AFTER TEST WITH MIL-T-5161G FUEL

Elapsed Catalyst Reactor Furnace Exit Gas Analysis

Time Bed Temp. Inlet Temp. Temp. Oxygen Carbon Dioxide
Qun.) (°c) (°c) (5.3 (% vol.) (% vol.)

o 471 218 368 4.29 -
15 u97 216 405 L,18 ——

45 . sks 239 L51 L,o4 e
60 | - 572 242 448 L,os P
,7@ 550 245 . 4sh 4,06 ~—e
RESTART 3.8 ——

590 273 498 372 032
273 499 3.76 0.066
2718 510 3.76 0.0

8

110

§ 8y

278 | 512 3.82 0,0k
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(4) Activity Stability

Target performance calls for a minimum of 50 hours service
before the catalyst requires regeneration, and 500 hours useful service
with periodic regeneration, Several test runs with Code A catalyst provide
data of pertinence. ‘

Coking Run CT-1 (Table VI) was per.ormed using propane fuel
and a single charge of fresh catalyst., Total reaciion time was 36 hours,
No activily check under standard screcning test conditions w~s made at the
end of the run, but a surface area of 136 mc/g was measured., Coking Run
CT-2 was also made using propane fuel, and was of 60 hours duration, Surface
area determinations showed a drop fram 191 m2/g to 164 m2/g, scmewhat less
than in CT-1, Another sample of catalyst was used successively in Runs JT-5,
JT=6A, JT=6B und JT=7 (Table IV); then in Runs FIM-1A, FIM-1B and CCP-28
(Table II1). After this usage, surface area was found to be 133 m2/g,
The supplier of Catalyst A stated that results from tests in other programs
had shown that deactivation due to loss of surface area is not severe until
the area has decreased to about 50 m2/g.

Periods I and VI during Run (T-2 allow.a comparison of pere-
formance under standard screening condi-ions., Figure 25 shows plots of
conversion vs temperature during these periods, and indicates a loss of
activity equivalent to approximately 10% conversion at the same temperature

*level in the range of 60-90% conversion,

The smaller loss of specific surface in CT-2 as compared to
CT-1 suggested that dilution of the catalyst was helpful in reducing the
buildup of localized high temperature zones in the catalyst bed, The
extended run with JP-4 fuel yielded a loss in specific surface equsl to that
found in CT=1, suggesting that there is also a fuel effect. Clearly, longer-
term testing is indicated for a satisfactory definition of performance as a
function of catalyst age and conditions of use, However, the performance
results obtained using relatively low-quality JP-4 over a period of 60 hours
are encouraging., Although there was a substantial accumulation of sulfur

. and carbon on the catalyst, this did not seem to affect its performance.
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SECTICN IV
WATER REMOVAL STUDIES

1. INTROIXJCTION

The mechaniems by which drying agents function may be classified as
follows:

J. Chemical reaction
a., Formation of a new compound

b, Formation of a hydrate

II. Physical absorption, constant relative humidity
. (50144 + water = saturated solution)

III. FPhysical absorption, variable relative humidity
' (a solution or liquid + water = diluted solution)

IV. Adsorption on the surface of a solid

The effectiveness of any drying agent can be expressed in terms of
two parameters, capacity and efficiency. Capacity refers to the emount
of water that can be remov=d and held by a given weight of agent; it is
generally expressed in weight-foreweight units. Efficiency refsrs to the
degree of dryness that can be produced by the agent, and may b: expressed
in several waye, such az specificetion of the relative humidity, the water
vapor pressure, or the dewpoint of the gas being dried,

In the present study, special attention is given to the performance
of drying agents at elevated temperatures (between room temperature and
" the normal boiling point of water) because the cperational unit will have
to function in this range during f£iights at supersonic sgpeed,

2. LITERATURE SURVEY

The mumber of materials which exhibit hygroscopic properties is large.
Those 1listed and discussed briefly below are the ones most camonly used.
A sumation of the more important characteristics of each 1s given in
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Larium Oxide : v . . -

Barium oxide is used primarily as a lsboratory drying agent. It is
one of the most active dehydration agents, and 1z the only agent which
contirues its drying action even at a red heat. It absorbs rapidly, with
the evolutiia of considerable heat, forming barium hydroxide which is stable
at least up to 1000°C., Further addition of water gives a series of hydrates,
Ba(OH)2-H20, Ba(OH)23H20, Ba(OH)2+8Ho0, Ba(0H)2-16H-0.

Barium hydroxide reacts with carbon dioxide to form barium carbonate,
vhich is a poor, insoluble desiccant, This carbonate forms scale on the
surface of the BaO, interfering with its drying properties.

Boric Acid Anhydride (boric oxide)

There is 1ittle in the literature on boric oxide performance. In
tests run at 23°C., it performed efficiently until moisture to the extent
of about 28% of its weight had been absorbed(15), The change from the
anhydride to metaboric acid requires 25.8% of water. Boric oxide is more
efficient than sulfuric acld and calcium chloride but is somewhat inferior
in this respect to phosphorus pentoxide and magnesium perchlorate. No ‘ .
reference to a reaction of boric oxide with carbon dioxide was found,

Calcium Chlcoride

The outstanding advaatage of this agent 4is its low cost, When used in
a desiccator, anhydrous CaClp is rapid in its actiom (7.5 - 15 min. to
reach equilibrium), but its efficiency is inferior when compared to the
three most efficient drying agents, pamely, phosphorus pentoxide (Pz0s),
barium oxide (BaO), and magnesium perchlorate (Mg(Cl0,)2).

Calcium Oxide

As a dehydrant, it is primarily used to remove mn amounts of water
from organic licuids. Th2 reaction rate of CaO with Ho0 increases rapidly
as the temperature approaches 100°C. However, calcium hydroxide reacts
with carbon dioxide, and air-slaked (carbonated) Ca0 is not a good desiccant.

Calcium Sulfate

Calcium sulfate is used as a desiccant of high efficiency and unusual
versatility. Under the trade name of Drierite it is widely used in the
laborstory and in industry for drying solids, organic liquids, and gases.

At low temperatures, the dihydrate of CaSO, is stable, but at temperatures
of interest in this program the reaction involved in the absorption of water
vapor is as follows: :

CaSOq + 4 Ho0 — CasSOs+4 Ho0 + 17,000 calories
——
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and represents the absorption of 6.6% by weight of the anhydrous salt,

oance the reaction is reversible indefinitely, the drylng agent may be

" used and regenerated through many cycles of opersticn. The drying
efficiency, determined by the equilibrium vapor pressure of the system
CaS04-CaS04+0,5H20, is approximately 0.005 mm Hg at 25-30,5°C., corresponding
to a residual moisture content of 0,067 mg of water vapor/liter, or b ppam.

Although Drierite has served at temperatures between 100°F, and 200°F.,
it 45 commonly used at temperatures of 100°F. and below,

Lithium Chloride

‘ m.thium chloride is the most efficient of the halides for the removal
of water vapor. The three hydrates are LiCl.-H,Q, LiC1l-2H20, and I4Cl-3H20.

Lithium chloride has other favorable properties besides its ability
to produce a low relative humidity. The solutiors are more stable to air
and less corrosive than the other halides, The carbonate salt is a thousand
times more soluble than calcium carboaate, CaCCs, and about a hundred times
more soluble than MgCO;. Therefore, scale formaticn is usually no problem.

Phousphorus Pentoxide (PoOs) and Phosphoric Acids

. Phosphorus pentoxide i: so efficient it is used as the reference point
‘for evaluating other drying agents. The properties of Pz0s are affected by
the method of preparation. Its normal vapor pressure is 760 mm Hg at 250°C.
At higher temperatures, the crystals polymerize, the vapor pressure falls to
. a few mm of Hg, and other properties are affected. Because of its hich vapor

pressure, P,0s; should never be heated above 130°C. Its main advantages are

. a high absorption rate and the ability to produce very low vapor pressures
of water. :

Silica Gel and Other Solid Adsorbents

The silica gels are the most widely used of the agents in Class IV. They
are classed as amorphous solid adsorbents. Crystalline adsorbents such as
‘certain zeolite campounds also belong in Class IV, and are characterized as
having higher capacity in the low water concentration ranges and a less pro-
nounced loss of performance with increasing temperature, as compared to the
" amorphous type. '

Perchlorates

Magnesium perchlorate is among the most efficlent drying agents,
Anhydrous magnesium perchlorate has very strong desiccant properties even
at 135°C.; its various hydrates show good capacity, and even the highest
hydrate (6 Hz0), is an efficient drying agent. There is one very important
drawback, however. The perchlorate should never be uged in the presence of

_organic compounds or acids since perchloric acid is violently explosive.

Sodium and Potassium Hydroxide

Alkalil hydroxides are used primarily when it is necessary to remove both
moisture and traces of acid gases, such &s carbon dioxide and hydrogen sulfide,
Regeneration is not practical with the alkali hydroxides.
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3. SEIECTION OF FEASIBLE METHODS

: In order to reduce the water content of the ballast gas to the
lowest possible level (target = 5 ppm), & dual system appears wost practical,
The gases will first be passed through a drying cgeat of high capacity and
reascnable efficiency, then contacted with a high-efficiency drying agent
to assure the dryness required, The advantages of this arrangement are
that some high-capacity agents can absorb several times as much water as
the cozman high-efficiency agents, and the high-capacity agents character-
istically have a weaker chemical affinity for the absorbed water, hence
liberate less heat per pound of water absorbed. Because of anticipated
coo)»=t limitations, a reduction in heat load helps to reduce the overall
wveight of the inerting package, and/or improve its efficiency. '

Agents in Classes IT and III (see above) involve liquids or the fo.ma-

tion of liquids, and are not considered in this study because of difficulties
anticipated with shifting attitudes and entraimment.

It is clear from consideration of the essential difference between
equilidrium absorption and that which is attainable in a flow syatem that
conditions favoring rapid pickup of moisture are desirable, For a given
ageat, this means utilization of the smallest practical grain size in order
to increase the “effectiveness factor”, i.e. minimize the limitation in
overall rate caused by pore diffusion.

Agents that decompose water can be considered for final cleanup
(a possible third stage), as long as the resultant volatile products are
non-hazardous and non-injurious to the fuel handling subsystem and ths jet
engines. Metal hydrides, for example, would be cbjectionable due to the
liberation of hydrogen, the presence of which would greatly widen the limits
of flamuability of the vapora in the fuel tanks. Calcium carbide, hovever,
may be suitable, The acetylene generated in its reaction with water would
be soluble in the jet fuel, and would have little or no effect on the
flammability limits. In the event calcium carbide i{s considered further,
the presence of small quantities of acetylene in the fuel delivered to the
engines would have to be verified as non-cbjectiocnadble.

4. PERFORMANCE TESTS
a, Selection of Candidate Agents

The following qualifications are highly desirable for agents
used in the removal of water under the anticipated conditions.

‘e High degree of reactivity
o large capacity

e Little change in efficiency with rise in temperature,
up to 100°C.

@ Ko tendency to react with CO; or hydrocarbons
® Ability to function at low pressures

¢ lIow heat of reaction.
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Censideration of the informaticn in the literature relating
to varicus candidstes led to these findings:

e Perchlorates are not suitadle because hydrocarbons or
acid gases react to fora explozive perchloric acid.

e Silica gel and other adsorbents cannot be considered unless
means are devised for maintaining the drying agent at temper-
atures where performance is satisfuctory.

e Oxldes which react with CO> to form inaoluble carbonates
cannot be used, The carbonates are pcor desiccants and
they form barriers (scales) cn the surface of the oxides,
destroying the desiccant function. This prevents consider-
ation of Ba0 and Ca0,

¢ Calcium sulfate, lithium chloride, and phoszphorus pentoxide
cannot be used above 100°, 98° and 130°C., respectively.
The volatility of Pa0s merits specisl attentiom,

@ For desiccants not excluded or limited by ihe above
considerations, little or no information is avajiladle
concerning capacity, efficiency and rate of abaarpticm
at temperatures in the range of interest.

A limited nurber of agents were selected for experimental tenting, and
they are listed below together with grade deaigxations.

® Calcium chloride, anhydrous, reagent A.C.S8. grade

¢ Calcium sulfate, azhydrous, "Drierite”

® Lithium chloride, reagent grade

¢ Potassium hydroxide, reagent A.C.S. grade

e Boric anhvdride, analytical reagent grade

b. Procedures

(1) Analysis

Three of the desiccants were analyzed before use,
Deteminntica of water was done by the Karl Fisher method. This methed
was unsatisfactory for boric anhydride because or an interference, The
data obtained were as follows:
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‘calefun chloride 0.71%

calcium sulfate 0.c51%

nthiunlchlorida 0.72%
(2} Perfcrmance Test Apparatus |

The candidate agents were evaluated experimentally .
using an assembly of apparatus shown in Figure 25, This setup made it
possidle to feed mixtures of humidified nitrogen and carbon dicxide to
an absorption train consisting of three U-~tubes in series. The g=s
mixture was capable of simulating the sxpected real situatibn ia two
essential respects: . :

® Regulated flows of preheated dry nitrogen and
carbon dioxide represented the products-of 4
‘complete combustion of a hydrocarbon, ex water.

@ A thermostated humidifier was uszed to humidify
the dry gas mixture to a desired level.

It 4s seen that the 3 U-tubes were connected in series within a thermostated,
stirred bath, The bath insured a uniform, known initial temperature, and .
provided an isothermal environment for each U-tube under test, Not shown

in the figure is an auxiliary tank and piping system that made it possible

to raise and lower the bath medium to facilitate the installaticn and removal .
of the tubes, The gas mixture leaving the third U-tube was directed through
an air coil (necessary in elevated temperature runs) to the indicating-
recarding hygrometer, a Beckman Model 719 instrument with range of O to 1,000
Pra vater. Additional data were read by means of an indicating potentiometer,
to obtain the temperature of the agent within each of the U-tubes.

(3) Test Procedure

Using a drybox at the critical steps, clean U-tubes were
tared and filled with the test agent, then reweighed and assembled into the
apparatus as indicated in Figure 25, A volume of 4D cc. of agent was
charged to each tube. The bath le—:' was raised to completely cover the
U-tubes, and leak tests were conduc.ed., When the U«tubes were in thermal
equilibrium at the desired bath temperature, the flow of gases was begun.

In all of the runs, a standard mixture coamprising 514 .
CO2> and 49% nitrogen was fed to the test apparatus at a combined flow rate
of 2.9 liters/minute. Passage through the packed ceramic beads contained
in the preheater served to insure good mixing as well as to preheat the
gases (37°C. preheater exit temperature). Sparging of the gases into water
maintained at constant temperature in the humidifier resulted in a controlled
humidification. At a humidifier liquid temperature of 34°C., the gases
entering the abgorption train were found to contain 49,000 ppm water, or
0.04 grams water per liter of dry gas, and this was the standard level of
humidification,

: For runs made at the relatively low bath temperature of
40°C., water was used as the bath medium, but for the higher-temperature
runs glycerine was usged.
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During each run the flow of gazes was turped off
periodically, the stopcocks con the U-tubes closed, and the tubes removed
and weighed on a four-place Mettler balance. Care was token before
veighing to remove all traces of bath liquid from the exterior surfaces
of the tubes. All increases in weight were sattributed to absorption of
water. As an additional precauticn to guard against error, a glass wool
plug was inserted on the exit side of each U-tube to keep the drying
agent from being removed by entrainment in the gas stream,

_ The temperature of the agent in each U-tube was
monitored during a run to obtain an indication of where absorption was
taking place, ‘

. The static pressure of the gases entering the absorption
train wvas kept constant by venting some of the exit gases. During most of
the runs, a pressure of 5 psig was maintained., In some runs it was necessary

. to insert an air coil in the line leading to the hygrometer in order to cool

the gases to the recommended measurement temperature.

€. Results

‘ The five drylng agents listed previously were tested in the
apparatus described above, and the resulis obtained were as follows.

(1) calciun Sulfate (Cas0,)

' One set of experimerts was conducted using a U-tube
bath temperature of 40°C., Figure 27 shows how the absorption in each of
the U~tubes varied with total flow of gas. KNote also that the exit water
content (efficiency of complete train) is indicated in the figure, The
amcunt of absorption in successive tubes decreased as the gases became
drier in the process of moving through the absorption train, After passage
of hOO liters of gas, the water uptake in the first tube approached 12.5%,
somevhat above the capacity reported in Table IX. PFigures 28, 29 and
30 each show a line representing the absorpticn of water by calcium sulfate
at 40°C. The data for Figure 28 are for the first tube only, hence repre-
sent a space velocity (SV)® of 5,700 hr.=l., Figure 29 covers the first 2
tubes, equjivalent to 2,900 hr.-l SV, and Figure 30 represents 3 tubes and
1,900 hy.” . One aspect from which the data can be viewed is the

" relationship between capacity and efficlency. As stated previously, CaSO,

has high efficiency up to an absorption of 6.6% corresponding to formation

.of the hemihydrate, CaSO4+% Hz20. Therefore, about half of the water held

in Tube No. 1, Figure 27 1is held loosely as capillary water. Figure 27
also shows a large rise in exit water level occurring somewhere between
300 and 360 liters. Reference to Figure 30 indicates this corresponds to

' an absorption of 7% in the complete train, very close to the hemihydrate

point.

e

¥gas flow rate (Xters/hour) S bulk volume of agent (liters).
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When the performance of CaSO, was tested at 100°C, and
8 SV of 1,900 hr.-1, the hygrometer's upper limit was exceeded, and efficiency
data were cobiained by water balance using the known volume and water content
of the entering gas and the gain in weight of the U-tubeg. Up to an average
absorption of 1.2% on the agent, efficiency was 9,500 ppm. Between 1.2%
and 2,55 absorption, efficiency declined to 31,000 ppm, indicating removal

“of only 36% of the moisture. later in the same experiment, hygrometer

readings were obtained at 80°C. and 70°C., showing efficiencies of 910 and

- 650 ppm, respectively. The last mentioned value was obtained while total

absorption on the agent in the system approached 5% by weight.

To further assess the performance of CaSO, at elevated
temperatures, a run was made in which gpace velocity was reduced, The

.absorption bath was held at 95°C., and the changes in individual U-tube

welights were determined over several flow periods, HNitrogen alone was used
as the dry gas. To provide a water balance under conditions where the exit
water content might be off-scale for the hygrometer, two dry i<e/acetone
traps and a Drierite trap at 22°C. were connected in series arrangement to
the absorption train exit line. All traps were weighed when the U-tubes
were weighed, The data permitted a determinaticn of efficiency in relaticn-
ship to the amount of water picked up by the agent. Results are summarized
as follows: : X

-

Dry Nitrogen Accumlated

Spac;r W.lﬁocity" Water ;n Agent Eff‘irgifncy
25 ‘ 0 -0.4 0.086
400 0.6-1.5 0.40
400 ' 1,5-2.2 0.64
60  0.8-2.0 0.67
600 : 2.0-3.0 0.80
1200 1.5-3.7 0.97
1200 3.7-5.5 1.78

Rflow rate 2 bed volume = space velocity

It can be seen that a significant loss in efficiency took place at an average
cumulative water absorption of only about 1%. Even at a space velocity of

25 hr=2, the 95°C. efficiency up to 0.if water accumilation averaged 860 ppm,
well above the target level for ballast gas entering the aircraft fuel tanks.
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(2) Calcium Chloride (CaClo) fo

Calcium chloride was tested at a tempe~.. re of 100°C.,
where few agents can function with any substantial degre : < :fficlency.
The data obtained for all 3 tubes are shown in Figure 1. ‘:_spendix D) and
1lines for CaClz are plotted in Figures 28, 29 and 30.

Even at low absorption levels, the efficiency data in
Figure l-Drepresent removal of only about two-thirds of the water passing
through the train, FProm the standpoint of capacity, the ability of CaCl>
to function as a drying agent at this temperature level was demcnsirated.
The curves in Figures 1D and 28 provide evidence that this agent continued
to absorb water from a flowing stream of wet gas beyond the point where
CaSO, ceased, despite the temperature penalty of 60°C. The literatrre(16)
indicates that the capacity of solid CaClp may reach 30% at temperatures sbove 100°C.

(3) Boric Anhydride (Bz03)

‘ Tha performance test with boric anhydride was conducted
at 100°C, Data are plotted in Figure 2D where it is seen that absorption
in the first tube followed a patterm very similer to that of the first tube
of CaCla., The indicated delay in absorption in the second and third tubes
was mch greater than in the test with CaClp. In view of the similarity
in efficiency and capacity of these two agents at 25°C. (see Table IX),
this difference in performence was unexpected., It may be due to a difference
in their vapor pressure vs, temperature relaticmships. A comparisom of the
efficiency data in Figs . 1I-D and 2-D indicates tkat B»Os was somewhat less
efficient than CaCl,., Iittle informatium was found in the literature concerning
BoO3 performance at elevated temperatures. Further experimentation with Bx0s . .
appears to be needed.

B o Wran.

(4) Lithium Chloride

Lithium chloride is dehydrated at $8°C. and 1 atmosphere.
For this reason, it was tested at £0°C. At this tempesrature it wvas found
to be more efficient than either Calls or B2Os at 100°C,, but leas efficient
than CaB04 &t 4LO°C. Pigures 28 to 30 show that it absorbed more water per :
liter of gas than either CaClyz or BaOs, and Figure 3-D ghows that the szecond -
and third U«tubes began absorbing water early in the test, o - !

(5) Potassium Hydroxide (KUH) ' R

' An absorptiocn test with KOH was unsuccessful because of
plug formation in the U-tubes. The plugs evidently resulted from melting
and freezing of concentrated solutiomns of KOH, formed at the surfaces of
the pellets. Fo attempt was made to solve this problem in view of the
likelihood that XOH will absorb CO> as well as Hp0, thus reducing the volume
of dry ballast gas and losing some of its capacity to absordb water,
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d. Discussion of Results

' he data obtained in the tests cescribed above can be
analyzed to examine trends and relationshipas affecting the rate of

‘sosorption, This is conveniently done by evaluating AL/AV 85 a function

of V where:
£ = 100 x weighi abzorbed & weight of agent.
AV = an inéremental flow of gas’
"V = cumulative total flow of gas.

- Thiz evaluation can be made for the complete absorption train or for en

individual U-tube. Data showing chapges in the value of A%/A V during
the test made on caleium chloride at 100°C, ere plotted in Figure k=D, with
a separnte curve being shown for each U-tube in the train., A similar set
of curves is shown in Figure 31, where each curve reprasents the ccmplete
train data for one of the agents tested,

It can be geen from Figure bD that Rhe rate of absorption in
each successive U-tube peaks at & lower value of &%/ A volume, reflecting
the lowering o the driving force (partial pressure of vater) as the gnzes
progress from one tube to the next. Only the first tube receives a ccastant
feed compozition. and the curve for this tube is seen to decline as the
capacity of the ngent becomes used up. Calclum chloride has a largs capacity,
however, and a falirly steady rate ol adbscrption vas in evidence in Tube Ho, 1
at the cmcluai:m of the test,

JReferring to Figure 31, the curve for Bz0s (the other agent -
tested at 100°C.) is almost cntirely a description of what happened in the
firgt tube. The rate of absorption appearei to be stahilized at the 1,200
liter mark, with less than 20% contribution from Tube Ho. 2, aud zero from
Tube Fo. 3. The curve for lithium chloride (at 80°C.) represenis less than
25% contridution from Tubes 2 and 3 at the LCO-liter mark, and even less
percentagswise in the earlier stages of tha test, vhere a high paak rate
was achiieved., The curve for CaSQ4 shows the high rate that would be cbhininable
if the drying egont could be maintained at 40°C. The drop in efficiency of
this agent at the 300+ liter mark csused cessation of the test just prior to
the point vhere the rate would be expected to decline to an extremely low
hnlo

. An exmination of literature data(r’) covering elevated temper
ature flow tests over CaS)4 shos several interesting values, as followsa:

Terp, Space Velocity Accunmlated Water Efficiency
°C. hr-1 : Absorption, % ¢ Vol.
60 65 1.8 0,08
65 390 1.0 0,020
65 390 2.0 0,014 _ ;
65 780 2.0 0,050
70 90 1.5 0.31
100 V4] 1.0 1.25 ;
Joo » 0.5 0,032 !
no (& - 0.6 0,043
[}
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. for this study.

The 65°C. test results ghow that efficiency suffers significently when wara"é
accumulation increases in the range of 1-2%, axd the reaultl at 100'0. indicets
a similar effect.

The following performance design parazeters for .CaSO,; at 1l

atmosphere pressure and slightly above are assigned based on the experimental
ard literature data,

. Capacity Efﬁciency
Temperature sY, hr-} 1h[100 1b ’_ Vol.

100°r (38°c) 1900 5.0 0,002
150°F (65°C) - koo 1.0 - 0,010
200°F (95°C) 24400 0.5-1.0 0.100

Fhosphorus pentoxide, Pp0s, has an excellent efficlency, but its volatility -
could introduce a prodlem at the elevated temperatures expected in some
flight situations. Therefore, CaS0, is selected as ons highe-efficiency aaent

. Information nmived(m) eoncerning the perfomunce of cne of
the zeolites (a crystalline adsorbent) indicates the folloving perfornance

‘characteristics at 100°F:

Conditionss 'L/D 31 |

linear vel. <100 rt/m

gn.in size 1/16" dla, (e::trndatel)
Performance: efficiency 10 ppa

cepacity 3 1ba/100 1bs

The same source indicstes that a 10 ppm efficiency at one<half the above
capacity is attainable at 150°F, thus making zeolite an alterpate choice
for the high-etficiency agent,

Calcium chloride has the beat overall perroma.nce features for
the highecapacity agent in the present application, among those tested. Its
large capacity, good absorption rate and ability to remove water over a wide
temperature range present a bdalance of desirable properties, leaving only its
limited drying efficiency as a serious dravback, The experimental data for
CaCly indicate an efficiency of 1.7% vol. (17,000 ppm) at a temperature of
100°C and a SV of 1900 hr~l, (Pressure v?n ?pproxmtely 4 psig.) This is
within about 3% of the eguilibrium value, It is concluded that for purposes
of conceptual design CzClp can be employed at this SV to provide water concen-
trations within 5% of the eguilidrium values, up to a limiting capacity that
varies with temperature, rigure 5=D indicates that the limiting capacity is

in the vicinity of 3C7.
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Additionsl performance tests should be made to more thoroughly
characterize the performance of the more promising agemts., Of
great interest would be the effects of variations in system pressure in the
range of 250 psia on the important performance characteristics., Given a
better insight into the actual bed temperatures and other conditicna to be
encountered in practice, extended iscthermal tests over the full renge of
operating variables should be made, The results chiained should be used

to set up an experimental, two-stage preadboard unit, including provisions

for coeling of the beds,
" 5. EFFRCT OF FUEL CCMPOSITION

It was originally planned to investigate the effects of fuel
vapors on the performance of candidate drying sgents. Due to delays
encountered in the assexbly and checkout of the test apparatus, thesge

‘tests were not made,

6. REACTION WITH CAICIUM CARBIDZ
The reaction of water with calciwm carbide to produce acetylens
is well known. In the presence of carbon dioxide, a twoestep reacticn ia
visualized: v
CaCz + Hx0 ———p Cad + CzHa eV
Ca0 + €Oz ey CaCls (2)

Thus, cne mole of CO2 is lost for each mole of Hz0. The first reacticn
causes evoluticn of 2,500 BTU per pound of water, and the gecond cne produces

. 4,400 BTU per pound; therefore, total heat evolution equals 6,509 BTU/1b.

The quantity of calcium carbide required for the reacticm, at the

stoichicmstric ratio, equals 3.55 1bs./ib. water comverted. A larger emcunt

of carbide must be estimated to allow for the surface deposit of CaCls,
which woild block access of the gas to unreacted carbide and, in a flow
system, to allow for adequate contact time, An additional ccansideration

. 18 the peed for distributing the reacticn over sufficient velume to allow

transfer of the reaction heat to cooling coils,

If & calcium cardbide reactor is used, the loss of ballast gas
volums due to absorption of COp is readily calculated. For example,
removal of 0.1% (1,000 pym) water would be accomplished by loss of a
sinilar volume of COp, which can be neglected even if it is agsumed that
all of the acetylene dissclves in the fuel.
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SECTION V
CONCEPTUAL DESIGH

1. GENERAL

The perfnrmance targats set forth in the contract are stated in
Section I ( atroduction). The following discussion presents a general
descripticn and analysis of the conceptual inerting subsystem that satisfies
these targeta, and at the saxze time interacts satisfactorily with the demanda
and services of the main system (aircraft). Detailed discussions of the
design and function of the principal components are presented., PFinally, the
conceptual design criteria are applied to specific flight missions in order
that the performance benefits can be related to penalties in weight and
volume,

2. PRELIMINARY ARALYSIS
a. General Description
A simplified flow diagran of the inerting sﬁbmten is presented in
Figure 32, vhich indicates the =ain components. These are described very
briefly as follows:
(1) Fuel Tank

This represents all the tanks on the aircraft, which are inter-

' comnected., This is the delivery point for the ballast gas generated in the

inerting subsystem,
(2) Fuel Vaporizer and Fuel/Air Mixer

A small fraction of the aircraft fuel is drawn off, at a con-
trolled rate, to an atomizaticn and vaporization unit. The diagrea indicates

.admixture with coxbustion air in the same unit, although various mixing

schemas are possible.
(3) Air Preheater
Air for combustica in the inerting subsystem is drawn from the
engine compressors, and is given the necessary amount of additiomal heat in
this unit.
(k) Combustor

The catelyzed combustion process takes place in this unit.
Combustion heat must be removed in order to prevent overheating of the

" catalyst, but combustion temperatures are far below those existing in

non-catalytic combustors.
(5) Cooler

Heat is removed from the cozbustion preducts in order to
fncilxtate aaps.mtion of the water of corbustien,

8
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(6) Drier

Cooled combustion gases are passed through this unit, containing
a drying agent, which removes water from the gases before they are admitted
to the fuel tank, ‘

(7) Controls

The controls regulate flows of fuel, air and coolants 4in order
to maintain a sufficient flow of dry ballast gas, and to maintain the

proper operating conditions.

The seven components mentioned above can be grouped conven-
:lently into three major elements: Combustor, Drier and Controls. Reference
will be made to these in the discussion which follows. '

b. Feed Streams
(1) Asr

Alr can be drawn from the engine compressors, or from the engine
exhaust stream, The latter would be hotter but would exist at a lower pres-
sure. The higher pressure source is preferred because more energy is pro-
vided to drive the gmses through the mubsystem to the fuel tanka, Demand
varies as a function of both fuel consumptican rate and ambient pressure change.
The latter is important because most aircraft fuel tanks are designed to
maintain a maxirmum positive differential pressure of only 2-4 psi relative
to ambient, and even less on the negative side.

The concept of scooped air is rejected because of mterrerenca
vith the aerodynamic performance of the aircraft, and because such air
would be available at lower pressures than compressor air.

The rate of flow of air into the system is governed by the

demand of the fuel tank(s) for dallast gas, transmitted via the controls.

(2) Fuel

The aircraft fuel is used as the fuel for the inerting sudbsystem,
Its temperature varies during the flight miszsion, increaszing towards the end
of a supersonic flight, the exact amount of increase depending on whether or
not the tank is insulated, and wvhether or not the fuel is circulated to cool
some other subsystem on the aircraft. Fuel pressure in the transfer line

normally runs in the vincinity of 25 psi above ambient. Flow of fuel is
‘governed in relationship to flow of air to maintain the desired fuel/air ratio.

¢. Combustor
(1) Preheating of Air
) The heat requirements vary according to the air flow rate and
initial tempersture, also the terperature required for fuel vapocrization and

. for the coxbustion process itself., A numder of air heating methods are
possible, including cezbinations:
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(a) use as coolant in catalyst bed

(5)‘ use as coolant for gases that have exited from
the combuator

(c) separate preheater utilizing engine exhaust, electric
power, or indirect exchange (coil) with engine :
combustion chamber, Only by means of a separate
preheater can one provide hot air for startup of the

syatem,

(2) Preheating of Fuel "

Preheating of the fuel contributes to improved atomization and
vaporization performance, and to the efficiency of the combustion reaction.
The hot combustion gases leaving the catalyst bed can be used as a scurce
of heat., Piping of fuel through coils embedded in the catalyst 1s rejected
because of the likelihood of excessive wall temperatures and fouling of the
surfaces, During startup, a separate preheater is required. A line heater
using electrical resistance elements is the most likely choice.

(3) TFuel Atomization and Vaporization
!hera are aeveral methods that seem worthy of consiCeratiocn, -

| (a) Carburetor

Provided 1t would functicn under all flight attitudes

and over the required range of air flow rates, this
iz an atiractive method of atomization because it

oceuples little space and functions very simply.

(b) Mechanical Atomizer

A rotary mechanical atomizer can be used to cover a
wide range of fuel flow rates, but involves equipment .
with high-speed moving parts. Alternatively, a two-
fluid nozzle can be used, vwherein air at modera.tely

_ hig: pressure is required.
* A{e) Injection

Depends on availability of a booster pump. Fuel at
high pressure can be injected through a nozzle into a
turbulent flow of hot air, and sufficient contact
provided for the vaporization process to be campleted.

‘ Of the varicus alternatives, the two-fluid nozzle is chosen
based on simplicity of design and opersation,
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() Cataiytic Reactor
(a) Preheat

The reactor must be capable of reaching operating
temperature quickly. Among the possible methods of warmup are use of -
a stream of hot engine exhaust, use of a emall pilot reactor that can be
ignited cold and run long enocugh to heat the main reactor, and use of
electrical resistance heaters, The latter method 1s selected for con=-

ceptual design,
(b) Plow Rate

Flow of ballast gas varies widely during a missionm.
This variation can affect:

(1) degree of conversion
(41) opressure drop and prenaﬁre
(111) temperature profile
(iv) possidle shortage of heat if conversion lags..

. Thege effects are anticipated in the conceptual deaign.
. Such techniques as the use of recycle streams and staged or parallel reactors
have advantages for this type of situation.

(c) Pressuce

, A high presme in the reactor favors the reaction rate
'cantant, and a low pressure drop provides margin for sdditional losses
before the ballast gas enters the fuel tank., The pressure drop acroas the
reactor is a function of catalyst grain size, which also affects conversion.
Thus, choice of grain aize iz a trade~off situation in the ultimate design.

(d) Temperature Control

Excessive temperature damages the catalyst via thermal

deactivation, and too low a tempzrature causes low conversion of oxygen.
The heat of reacticn is very larpe, and steep temperaturs gradients build

- up within the bed unless the spucing between cooling surfaces is minimsl,
Tubing coils, possibly finned, can be used within the bed, The coolant
fluid within the coils might be air, water or fuel. Of these, fuel has the
disadvantage of potentially fouling the tube wall, Water has the disadvantage
of being not required except for cooling, and thus represents another item
to be carried on the aircraft, but its vaporization requires go much heat that
it merits strong consideration.
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(e) Conversion level

This is a function of:

catalyst type and amount
catal&st activity level (age, coke)

temperature

pressure

flow rate
mel-air ratio

(f) Servicing

" A hydrocarbon conversiom catalyst must be regenerated
periodically in order to remove the coke which is deposited vhen operating

under stoichiometric

or fuel-rich conditicns, The catalyst reacter 1is

designed for quick removal and replacement by a serviced umit, but it is
also feasible to carry out regensraticms using a groundessrvice truck with
appropriate connections to tho aircrart.

(8) Design Concepts

There are several approaches to the design of thia
reactor. These are as follows:

(1)

‘One Reactor With Recycle

A portion of the exit gas is recycled (recuires
a booster) in order to provide a constant space
velocity throughout the flight. ‘

(11) Two Reactors

(111)

o T 2 T A ML o e

Ivo reactors are connected in parallel go that, by
valving and switching, the flow can be routed to
 ‘one or the other, or both, dependingcnthedmnd

ror ba.uast gas,

Variable \hlnme Reactor ‘
' This concept calls for a single reactor designed to

open up a variable number of sections to the flow of

gases, depending on ballast gas demand, Various

mechanizng can be visualized for activating the sections

on demand, -
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(iv) Single Reactor Without Recycle

This is the simplest errangement., The flow of
.gas through the bed of catalyst varies in pro-
portion to ballast gas demand, causing variations
in the quantity of combustion heat released.
Reflecting these changes will be variations in
temperature profile and flow of coolant.

Primarily because of its simplicity, the last meutioned scheme is selected
for the present study.

d. Drier
(1) Cooler

Wet gases leave the combustion zone at a temperature in the
order of T00-750°C., and may or may not be cooled below this level by
exchange within the carbustion unit itself, Regardless, additicnal coolirg
is needed to bring the temperature low enocugh for water removal. Several
media can be considered: )

° mel enroute to the engines
e cambustion air enrocute to the combustor
e fuel enroute to the combustor.

Because of the high wall temperatures encountered, fouling of the surfaces
‘mst be a consideratiocn, and air has an advantage over fuel.

The cooler reduces the gas temperature enough for uthﬁctory
drier performance, (If water is condensed, provision must be made to
separate and remove it,) Control of temperature is achieved via a thermo-
couple in the exit gas stream, vhich is linked to a coolant flow control
valve, Design of the cocler is affected dy choice of coolant, temperature
and pressure of coolant, and allowable pressure drop in ballast gas.

(2) vater Absorber

A portion of the water 1s removable by condensation from the
wet ballast gas, depending on the availability of a satisfactory coolant.
Condensation has the advantage of saving ocn heat duty for heat of reactiom
between water and drying agent, and also saves on the weight of agent required.
Balanced against this is the weight of the condenser and asszociated equipment.
Ballast gas containing non-condensed water is directed to a vessel packed with
a solid, gramular drying agent(s). Design and performance of this drier is a j
function of the absorbing agent's properties: : o

grain size
efficiency o
capacity . : o
regenerability

chemical compatibility
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Two agents arranged in series are used, the first with high capacity and
the second with high efficiency.

The quantity of agent(s) in the drier is a function of the
maximunm permissible exit water content, the drier temperature, sbsorbent
characteristics (sbove), and the fluw rate and pressure of ballast gas
during the peak demand perlod. It is olso governed independently by the
total amount of water to be absorbed during a missicn, or from one regene
eration to the next. Design is influenced by the allowable pressure drop
and by possible undesirable effects of unreacted fuel vapors. It is necessary
to deaign the drier for ease of regeneration in place, or ease of removal,

The supply of coolant to the drier removes the heat of conden-
sation, heat of reaction, and adjusts the sensible heat of the dallast gas
to the permissible level for entry Into the fuel tank, The general unavail-
ability of low-temperature coolants on high~-speed aircraft, and the importance
of temperature with respect to the efficiency of drying (see Section IV),
indicate need for a supply of cooling water, Water flowing through coils
in the drier makeas it possible to keep the temperature at 200°F. or below.
Controls directly associated with the drier include:

@ check valve on ocutlet line to prevent flow -
from fuel tank into drier

o temperature sensor linked to coolant flow
control valve,

Indicating instruments for monitoring include a hygrameter for final moisture
coatent, and a gage showing pressure drop across the drier.

e. Controls
(1) Principles
(a) quick response to changing demand
(o) constant fuel/air ratio, within allowable limits

(¢) 1limited change in conversion due to variations in
flow through the cozbustor catalyst bed

(2) protection against overheating of catalysi and cambustor
. (e) emergency provisions, allowing for instrument malfunctisn
(£) minimum water content in ballast gas

(g) supremacy of missiom and aircraft over the inerting
subsystem




(2) Approsches

(a) Semsors

All sensors must be sensitive, relisdble, and capadle of
reaponding at all accelerations, altitudes and attitudes over the nacessary

range,
(1)

(11)

(114)

(iv)

Demand relating to changing azbient preasure is

sensed by means of pressure transducers, oze in
tue fuel tank and one located to measure amblent
static pressure,

Demand relating to fuel consumption is sensed
by a flov senscr or sensors,

Derand relating to oxygen content of ballast gas is
sensed by a aensor located in the exit lirne of the
drier.

Demand for coolant flow to the cooler and drier
have already deen menticned. Deomand for coolant
flow to the comdustor is to be sensed by therzo-
coaples placed at strategic internal locaticms,
In all cases where ccolant flows are involved,
coolant inlst and outlet temperatures will be
measured, and control of coolant flow may dbe subject
to control to prevent coolant temperstures from
exceeding stipulated limits, In scme cases, flov
of coolant may de reguluated to provide a minimm
change in ballast gas texperature.

(b) Control Elements

In genercl, signals from the varicus senascors are received,

amplified as necessary, and ussd to actuate comtrol mechanigms ca valves.

There are several possible schemes:

(1)

(11)

Direct

. A1l controls are actuated directly and independently.

Indirect

One item, such as the air control valve, is actuated,

and the setting of this wvalve and flow rate is the basis for adjusting the
setting of the fuel flow conctrol valve and (if used) the controls that
maintain ccnstaat space velocity.
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(c) Special Considerations
(1) Air Flow

There is a wide rangs of adjustment to be made in
ballast gas flow, reflecting the difference between cruise during level
flight and a povered dive, 7Two air control valves may be necessary, one
for low demand and one for high demand, (If two air supply lines are
indicated, two preheaters and air-fuel mixing chambers may be required. )

(11) PFuel Flow

Fuel may be taken from the transfer line to the
engines, in which case a flow control valve in the diversion line 1s
adequate, If a separate fuel pump and line are used, control may involve
either:

e flow coatrol valve on exit line from centrigual
pu=xp, or

e regulation of speed a.nd/or stroke of a fixed dis-
placement pump.

(111) Fuel Tanks

It is essential that the tanks be prevented from
failure by either bursiing or collnpsing. Therefore, when thz difference
between tank pressure and ambient static pressure exceeds a certain level
(tank on the negative side), and the supply of ballast gas fails to prevent
a further increase in this difference, a breather valve of adequate capacity
opens with sufficient speed to prevent tank wall fzilure, This sams valve
closes again as soon as the pressure difference returns to a safe level, .
and does not reopen unless the indicatiom of inadequate flow from the i.nerting
subsystem iz repeated, ‘

On ascents, some flushing of the tanks to remove
oxygen c-iginally present is desiradble, Therefore, the inerting subsystem
is set to deliver ballast gas at a certain minimum level at all tires, and
the tank vent valve bleeds off sufficient air to maintain tank pressure at
a safe level above ambient.

3. COMBUSTOR
a, Design Choice
(1) Radial Reactor

Of the variocus alternatives, a single reactor of the radial :
design offers the advantages of a low pressure drop, a flow front that increases |
with increasing radius, and a configuration that simplifies comstruction
prodblews, The gas stream, moving rsdially outward from a cylindrical core,
contacts the catalyst, absorbs the heat of reaction, then tranaferz the heat
to finped coils which run parallel to the long axis of the reactor and are ;
exbedded in the catalyst. These colls contain water which vaporizes in the
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cooling process. The mixture of preheated fuel vepor and air is distriduted
unifornly slong the central core, and passes through wall perforations into
.an snmular chazder whers it 1s mixed with the rexainder of the preheated
coabustion air. This nixture then passes through wall perforations to enter
the bed of catalyst. A grid of resistance heating elements is located at

the entrance to the catalyst bed for use during startup operations., GCases
that have passed through the catalyst bed leave through a perforated cyline
drical tude wall and enter a charmter vhere they encounter a finned coil
containing combustion fuel requiring preheat. The gasea then enter a hest
exchanger (FE 1), which may or may not be integral with the catalytic reactoer,
where cambustion air 1s preheated. The combustor 1s depicted in Pigures 33 and 3k,
The rtdia.l reactor is selected for tha 85T design calculations.

(2) Segmented Reactor

This type of reactor is described in Figure 35. Its distinguishing
’ characteriatic is the alternate placement of layers of catalyst and banks of
finned cooling coils, Provision against possible preignition is made by addition
of the cambustion air in increrments. This configuration lendas itself more
readily than does the radial dezign to the use of naked cooling coils, and thus
to the elimination of inert diluent in the catalyst bed. (As developed in
Section V-6 for SST Flight Fian Mo. 1, in excess of 100 pounds of diluent were
required to submerge the cooling coils.) The segrented reactor presents the
.. posaibility of more efficient heat transfer bdecause of the radiation effect,
but this potential advantages has not been estimated as a part of the present stuldy.
The segnented reactor deaign is chogzen for the tactical aircraft, and dstails are
given in Section V-7.

(3) Air and Fuel Preheat

- Both are preheated by exchange with hot combustion gases. Details
are. presented in Sections V-6 n.nd v-T7.

(4) Fued Vaporization and Mixing

A two~fluid nozzle is used for atomization of the fuel, The
ltomizing fluid is preheated air equal to 2% of the combustion air, ard yields
a mixture containing 80% fuel. The conical spray from the nozzle enters a
diverging section where vaporirzation i{s completed, then the mixture is converged
and delivered through a connecting pipe to the cocobustor, The walls of the
chamber are heated by resistance heaters. Details are given in Sectiocn V-6.
Selection of this design was based largely on mechanical simplicity.

b. Operation

~ The abhove equipment is operated at conditions imposed by the aircraft;
the flight mission, and the catalyst. After startup (see above), the catalyst
bed temperature is regulated by control of cooling water flow rate in the
coils. Design calculations are based on the use of 1/16" x 1/8" Cods A catalyst
maintained at 1337°F. (725°C). After startup, the temperature of fuel preheat
is regnlated by reducing the power to the resistance heaters at the vaporization
chamber, and under pesk fuel demand conditions it 1s expected that the pover
imput to these heaters will be minimal. Similerly, the air preheat tempsrature
wvill be controlled by regulating the power ilmput to the heating elements located
in the anmlar compartment of the ccmbustor inlet lins, with a major reductionm in
power taking place after the startup period.
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' Because of the benefit to reaction rate of an excess of fuel in
the mixture, a 10% excess was chosen., Operation for periods of at least 60
hours without regeneration is anticijated, even if larger excesses of fuel

are employed,
c. Anount of Catalyst

Based on experimental results with JP-7, Code A catalyst is used at a
temperature of 725°C (1337°F). Despite the excess of fuel, the conservative
assumption is made that the reaction rate constant found for the stoichio-

metric mixture applies:

000 243 (reactant mixture)
£t3 (catalyst) x hr.

The volume of catalyst to use (for first order reaction) i: given

k = 194,

: by(ao): :
: ‘ oy Xp -
: k Cx0 « 1-X.

vhich upon integration yields

, | Xz
Vo = ;-%:-5 [(1 + Ep)in ﬁx-; -lBAXEl ()
0

‘ ] and the weight of the catalyst is obtained dy
' : ' : oW = f Ve
The meaning of the symbols used is:

k = reaction rate constant, ft3 (rlnid)/rt3 (catalyst )<hr,

e

P Vo = volume of catalyst, ft3
| Fp0 ™= feed rate of Component A, lb-moles A/hr.
Component A -'mgen
Cpo ™ initial concentration of Component A, lb-moles A/ft3 mixture
, XA = conversicn of Component A, noles A reacted/moles A
| . We = weight of catalyst, 1b.
; fc = specific weight of catalyst, . /1t3

v

: EA = fractional change in volume due to reacticn

v
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> . . . . . S,
. R T S 4
i




e e vy e e+ o

" For stoichiomet=ic reaction and 100% conversion of oxygen:®

(1) Determination of E,

E, w No. of moles leaving - No. of moles entering
A Ko. of moles entering ,’

(and the number of moles leaving is a function of conversicn)

BN B F oy v e iy

5 A, PR

(79+135+15)-(15+21+791 107.5 = 1015 _ o acopn™
(1.5 + 2L ¥ 79) S 117 0.05511

For 10% excess fuel and 100% conversion™®

107.65 -‘101;65 o 0 oRonaN ;o

Ep =

Valnas of BA for a few selected conditions are suxrmarized,
together with the evaluatiom of the in'cegral in (A) for the sam2, in
Tabla X, .

' For calcula.tim of the catalyst volume we have chosen to express
the flow rates at the conditions adopted as standard in our experimtd .
program, which were: . *
t = T2.5°". and P = 14,7 paia

as a convenience in the calculations. However, the deu@ of individual
components in the subsystem (including the combustor) is based on the actusl

conditions existing in the componentsa,
Where Vo is the volume at experimental conditioms,

Vo, = VP 2 ' S
2 = WA i
! 1

= V,P, x 0.0549

The volume of 1 mole of gas at the experimental conditions
is:

h.
i‘ﬁz x 359 x %5-' 388.5 ft3/1b.-mole.

®ysing JP-7. Assumed equivalent composition = Cgh;0, and molecular
weight = 128, :
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Womw cons

use are as followa:

(a)

The calculations for determination of amount of catalyst to

(®)

(c)

(a)

(e)

()
(g)

(n)

(1)

'FO!' JP‘?.

Determine the dry ballast gas demand at 200°F = B.C.

Ballast gas requirements are converted into air demand
at the same conditions, assuming the stoichiometric .
reactiocn and removal of all water:

Vy = 1.081® x B.G. cfm

Determine the pressure = Pl in the fuel tank, at
design conditions,

The actual conditions, as listed above, are now converted
to the experimental cunditions, and the equivalent flow
rate = V, (at experimental conditions) is obtained:

Vo= 0,0549 Vi ecfm

Molar flow rate of air = Nair in numder of mnrles of
air per minute is calculated by dividing the equivalent
flow rate by the molar volume of air at experimental
conditions (388.5 ft3/1b-mole) ‘

Hpir = Vo/388.5 1b.-moles air/min.

Molar flow rate of oxygen, Hp_, is 219 of the molar flow
rate of air.

Roz = 0,21 nw lbo.mleS/mo

Oxygen feed rate, Fpo, per hour is cbtained by multiplying
above by 60 o

Fpo = 60 Yo, 1b.-moles/hr.

Molar flow rate of fuel, Np, is determined by mltiplying

the molar flow rate of air by 0.0165% because for each

100 moles gf air we require 1.65Tmoles of fuel, including
excess). :

n .
To cbtain the veight flow rate of fuel, Wy, the molar

flow rate of fuel is multiplied by its molecular weight
(128 1b./1b.-mole)

L 128", 1b./min.




(3) The specific volume of fuel npcr at the experimental
.conditions is found from{

0,242 (¢t + LSO - '
Vyapor .[ { l] [1.03 d] ££3/10.

t = T2.5°R,
P = 14,7 psia
4

for :.

0.7990"/m1 at 60/60°F

e Vy = 2.55%t3/1b, fued

(x) The flov rate of fuel vepor becomes
Vp = 2.55%p cfm

(1) Total volumetric flow rate of gases is the sum of
air and fuel vapor flow rates

Vp = Vo + Vp cfm |
(m) Initial oxygen comcentration, Cpq, in the ur-rnel
mixture is calculated by
Cag ™ Ho,/Vp 1b-moles 02/1t3 mixture

(n) The integral in Equaticn (A) is evaluated at the
delired conversion level.

(o) The feed rates of axygen (F,q) are specified.

(p) The specific ireight of catalyst is chosen (L0.5 1b/cu. ft.
for Code A catalyst). .

(q) The weights and volumes of catalyst corresponding to
 specific conversion levels ard feed rates of oxygen
" are cucnhted

{r) The space velocity at any of the situations can be calculated:
5V = é-?—-v-'r- hr-1l
. vc

. d. 8ize of Equipnent
Rather thsn present a generalized method of sizing the preheaters,
vaporization and mixing chamber, and catalytic reactor, the method will be

11lustrated below in Sections V-6 and V-7 where application is made to
specific cases.
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e, Safety

One potential safety problem that requires close attention is that
of ignition and combustion at any point previous to the catalyst bed. Based
on literature information(22), the upper 1imit of flammability of mixtures
of this fuel with air at the expected temperature of 600°C. is 8,44 (volume)
of fuel. In the radial reactor, premature combustion is avoided by admixing
initially only that amount of air required for good atomization. Not until
this fuel-rich mixture (80% fuel)® passes beyond the perforations in the wall
of the central core is the rest of the combustion air admixed. 1In the
segrented reactor, the additional air is added in increments, as indicated
in Figure 35. (One or more flame arrestors might be necessary, but are not
shown in the figure.) '

f. Iogistics and Servicing

: In concept, the catalytic reactor portion of the combustor requires
periodic attention for regeneration of the catalyst, which does not require
its removal from the reactor, and for eventual replacement with a fresh
charge, = ‘

Regeneration requires heating the catalyst to a temperature at which :
the coke will burn off in the Presence of a gus mixture containing approx- t
imately 4% oxygen. The required temperature is in the vicinity of LooO°C. .
It is unlikely that the ignition grid will enable the reaction to be sustained
throughout the bed; therefore, a source of hot gases containing 4% oxygen -
is required, or a hookup permitting circulation of a 400°C. heating fluid
through the cooling coils must be provided. Technically, it is feasible
to set up for either of these methods while the reactor is in place and the
aircraft on the ground, using a ground service truck. It is also feasible
to discomnect and remove the catalytic reactor from the aircraft and sub-
stitute a unit containing regenerated or fresh catalyst, This would allow
the regeneration to be carried out on a schedule independent of the aircraft
flight mission schedule, The gases 1ssuing from the unit during regeneration
are vented, except for a bleed sample used to determine campletion of the

process (analysis for CO- and/or 02).

Replacement of the catalyst is estimated at intervals of from
500 to 1,000 hours of service. This operation requires removal of the
reactor unit from the aircraft, opening of a loading port, and removal of
the used catalyst from the reactor. In the radial design, a simple dumping
removes nearly all of the catalyst, but some may remain lodged ‘
between the fins of the cooling coils and requires special attention such as.
use of a blast of clean compressed air. Filling of ‘the reactor with fresh
caialyst is done carefully to achieve uniform packing. A vibrator machine
is used for this purpose, and weight records are maintained as an indication

of the packing density.

XAt this concentration, only "cool flame"™ combustion is a pos:.;ibility.

)
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L. GAS DRIER
a. Deslgn Choice
(1) Drier

Design 1is dh‘ected toward the closest practical spproach to
equilibrium efficiency, and reflects the nm-ssity of restricting the
pressure drop to approximately 25% of the iotal difference between the air
supply and the fuel tanks. It has been stated(23) +that a contact tire of
10 seconds (equivalent to a space velocity of 350 hr~l) is in general
industrial use, and that superficial velocities used in practice range from

'30 to 60 fpm where a close approach to equilibrium efficliency 1s sought.

The performance test data obtained in our program indicate that even at
equilibrium the water content of the ballast gas exceeds target conditions;
hence, small space velocities (large drier beds) may be required, and a radial
flow configuration is unlikely., A sizmple packed hed is chosen for this study.
Although its snape in cross-saction can be varied to conform to the available
space, a rectangular crosse-section 1s selected. The bed contains finned
conling colls to receive the heats of condensation and absorption, and to
insure the lowest possible terperature in the downstream portion of the drier.
A descriptive diagran 15 given 4in Figure F-9, Appendix F.

(L) Gas Coolers

, The moist ballast gas leaving the carbustor must be cooled
beicre entering the drier. The first significant cooling cccurs in HE-l,
where heat is exchanged with the incoming combustion air. Exit temperature
from HE-1 is limited by ihe temperature of the inlet air, which varies
during the mission a.d is ossumed to average 600°F. in a normal flight.

Next, the moist ballast gas enters HE-2 where it gives up heat
to the aircraft fuel being pumped to the engines, PFuel texperature varies
during the mission, and fuel may be used for other cooling assigrments. In
the Tactical Aircraft situation, the fuel is copl enougn to condense water

- fram the dallast gas and lower the temperature into the reglon where signi-

ficant drying can be done, In the SST situation, {the average inlet fuel
temperature is 300°F, and therefore an additional exchanger (HE 3) is added,
HE 3 uses a special supply of cooling water, which makes it possible to .
condense a portion of the water in the hallast gas, and to lower the temper-
ature of the gases euntering the drier into the region where water can be
absorbed. The 4inlet cooling water temperature varies from 40° to 80°F during
the flight, and an average temperature of 65°F is assumed.

(3) Cooling Water Supply

A tank and pump are required to hold and deliver cooling water
to the gas cooling units and to the gas drier itself. The tank is sized to

 contain sufficient water for the entire mission, plus 10% contingency. It

operates at ambient pressure, and has electrical heaters to prevent freezeup.
The purp is of the centrifugal type, and discharges through flow control valves
to the drier and (for the SST) to exchanger HE 3.
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b. Operation

The above equipment operates at conditions that provide maxirum
cooling, hence maxirmum removal of water from the ballast gas, When the
engines are at or near idle speed, campressor air temperature is 250°F.,
and this provides a lower-than-design BG temperature entering HE-2, When
the fuel temperature iz at its lowest level, a similar benefit is experi-
enced at the Mlet to HE-3 (SST) or the drier (tactical). Also, when cooling
water temperature is below the design level, more water can be condensed in
HE 3 (SST) and absorbed in the drier. The flows of coolants to all of these
units are regulated to provide a specified change in BG temperature arnd, to

~ further increase overall performance, cooling water flow is never reduced-

below a selected level designed to provide coolant over the entire flight.

During startup of the subsystem, the first gases passing through
the combustor contain excessive free oxygen, and these can be vented to the
atmosphere until the catalyst bed temperature control (or other sensor)
indicates design conversicn 1s achieved. The temperatures in the coolers
and drier will rise as the combustion gases flow through them, causing the
efficiency of drying to decrease frcm an intial high level to the design
level. Provision is made to drain all water condensed in these units,

c. Drying Agents
(1) Selection

As per Section IV, CaClo is selected as the high-capacity
agent and, depending on temperature, CaSO, or a zeolite as the high-efficiency
agent. The amount of each agent in the bed is based on consideration of its
bulk density, efficiency and capacity, and the desire for design performance
efficiency over a maximum pericd between regenerations.

An alternate scheme for consideraticn utilizes a back-up unit
charged with calcium carbide, to insure reaching the target moisture level,

(2) Amounts

The following procedure provides a simplified approach to the
dual agent arrangement:

(a) Both agents are assumed to be present in the same bed,

with the gases passing first through the higx-capacity
agent, second through the high-efficiency agent.

(b) The quantity of each agent is calculated independently,
‘ using the design space velocity value and the volume

flow rate at the pressure and temperature conditiona in
the drier.

(c) The design capacity of each agent at the conditions in the
drier i3 used to determine the pumber of flights or flighte
hours of service between regenerations. This calculation
is made using the amouut of water removed in the drier as
determined under average conditions.
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(d) If the mumber of flighi-hours for both agents
equals or excezds 50, no further calemlationz are ,
made, If the nuzber 1s less than 50 4in either case,
the welght ard volume of agent is increased propore
ticnately to provide the target 50 hours of service.

(e) If the mmder of flight-hours of service excesds 50
in the case of the high-efficiency agent, dut not
in the case of the high-capacity agents, the capacity
equivalant of the excess hours is credited to the
h:lgh-capacity agent in order to minimize the total
weight, :

The bulk density data employed in the calculations are as follows:

Cas0, . T 1/ee3
cale . S1p/red
zealite 38,5 1b/et3

d. 8ite of Equipment

The transverse area is chosen to provide a superficial velocity
in the reccemended range. Otherwise, conventional guidelines are followed,
Details for specific situations are given in Sections V-6 and V7.

e, Safety

: There are no noteworthy safety problems relating to the coolers
and gas drier. The agents have been selected to avoid prodblems froa
contact with any unreactsd fusl that may be present.

f. logistics

Because of its lov cost, calcium chloride is camonly used once
and discarded; however, logistics considerations may indicate the necessity
of a regeneration treatment. PFor this reason, the level of hydration should
be limited to a weight gain of 30 1bs/100 1bs of CaClp (the momchydrate),
vhich would not liquefy under regencration conditions. It is assumed that
regensration involves the procedurs used for CaSO,, which follows,
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Regeneratio os‘ calcium sulfate is a cormon industrial practice.
The usual procedure 17) 18 to pass a stream of gas heated to U50°F through
the bed until the exi: temperature reaches LOO'F. Steam may be moved
through the coils in the bed to speed the process, Application of this
procedure to the inerting subsystem may involve removal of the drier from
the aircraft to a regenerating facility equipped with cither an air heating
or a 250 psig steam service; or it may involve connectinons from the aircraft
to a ground vehicle equipped with one of these services. 1In either case,
rexoval of the agents from the drier is deferred until such time as a rise
in pressure drop or other indication of performa.nce decline shows it to be

neceasary.

Regeneration of the zeolite 1s similar to the above procedure, (18)
except that the hot gas is heated to a temperature of agproximately 550°F 18 »
ard the exit gas temperature on completion is about 500°F. ‘

If a calcium carbide reactor is included as part of the drier, the
carbide reactor is designed for easy recharging of this one-shot agent.
A cartridge unit is contemplated. A new or recharged unit is inserted at
the time when a spent unit is removed from the aircraft., Care is taken in
the design of equipment and facilities to prevent exposure of the carocide
to the atmosphere. Thus, planning provides for either a sealed throw-away
cartridge requiring no re-packaging in the logistics channel, or a field ree.
packaging station where cartridges removed from the aircraft are erptied
and recharged. In the latter instance, special procedures and moisture
exclusicn equipzent are required.

5. HEAT AHD MATERIAL BALANCE

Eszential to tte design of this subsystem are the balances covering heat
and materials, because these establish the flows and conditions at various
points in the subsystem. In place of a detailed, generalized scheme covering
all of the inputs and outputs for any aircraft and mission, a detailed
exarple of the calculations is precented in Appendix E, vhich applies to
¢ae situation described in Section V-5 below.

6. CASE ANALYSIR I - SUPERSONIC TRARSFORT
a, Basis
For the purpose of this analysis, certain assumptions are made

concerning the capacities and operating characteristics of the SST, as
follows:
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Fuel tank capacity: 30,000 gallons = 4,010 rt3
‘Puel tank pressure: axdient plus 2 psi
Initial vapor space: Zero or 105 capacity=>0 or 40O e3

Final vapor space: 904 capacity <= 3,610 £t3
Flight time: 3 hours

Maximun fuel rate: By = 3 R,

Cruising fuel rate: R

¢ .
Maximum fuel rate applies tor 20% of flight,

Use of JP=T7 fuel is assumed,

Two flight plans were selscted for analysis. Table XI describes Flight
Plan Fo. 1, in vhich the SST makes a 3-hour trip that includss a 20-minute
fuli-pover ascent following takeoff, & cruisze at 75,000-80,000 feet, and
a gradual descent preparatory for landing, This plan is substantially in
line with publiched information(2), The second f1ight plan, in Table XII,
starts off the same but iz terminated by an emcrgency, povered dive in

. vhich the rate of pressure increase reaches 1h.7 psi/min,

At nrim periods during these flights, the demand for ballast
gas to pressurize the fuel tanks may be radically different, there being
tou:r distinct situations:

® ,&-uin v:lth no change in altitude

¢ Normal descent (20 min. duntion)_uth a maximum
yressure changs rate of 1.h psi/min,

e Powered dive (of 0.5 min. duration) with a maximmn
© pressure change rate of 14.7 psi/min.

o Ascent, during vhich displacement rate is reduced because
. of the expansion of gas already in the tanks as ambient
prennre decreases.
b, Fuel Flow Rates

‘ For the purpose of this calculation, a normal 3—hour flight is
assumed, and it is #lso assumed that the vapor space in the tanks is 0%
at the start, 90} at the finish,
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(3 brs) (0.2 Ry + 0.8 Rx) = 30,000 x 0.9 gal.
Rm = 3 Re

thus
0.2 Ry + 0.8 R = 27,000 = 3 gal/hr
0.2 (3 Re) + 0.8 R, = 9,000 gph
1.4 Ry = 9,000 gph

Re = 6,430 gph G= 860 cfh

= 107 gom == 1L.3 cfm

Ry = 19,290 gph <= 2,580 cfh ' ‘
=32 gm == b3 efm

¢, Ballast Gas Flow During Ascent

In general, flow of gas to the fuel tanks is expressed at a
temperature of 200°F. (the estimated temperature of gas in the tanks),
and ambient static pressure plus 2 psi. Gas flows to all camponents of
the inerting system are adjusted to correspond to the conditions in those

canponents.,
(1) No Initial Vapor Space (BG;)

To replace the consumed fuel (R,) it is necessary to supply 43
cfm, However, because of the reduction in ambient pressure during ascent,
the tank pressure must undergo a similar reduction. For a very high altitude
flight, the total change in pressure on ascent approximates 1Li.7 psi, and .
during a 20-minute ascent the pressure change in each minute is 1/20 of this,
hence 0.7 psi. This means that all of the gas present in the tank at the
end of the nth minute expands 5% in the (n + 1)th minute, decreasing the
volume to be added (at ambient conditioms) by h3/20 = 2,15 ef. Thus, for
each minute of climb, the flow rate of ballast gas varies as per

BG = h3-2.1i/"dn cfm

i dai s e
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wvhere b = pumber of minutes elapsed from start of ellmd,

In this way, ballast gas flovw rate chenges from 43 ofm during the firat

ainute to O during the last minute,

(2) Initial Vapor Space = 10% FT Capacity (BGza)
3,000 gal = LOO cf initial ullage
Normally, the amount of gas vented during ascent would be:

500 £t3 %o;;rn{gai { ;& = 20 cfm

Instead of venting this gas, allowance could be made for its
expansion in calculating ballast gas requirements:

. n

ma-(us:[ 2.15dn>-20
' n

BGy = 23-2.15/ dn cfm

0

(An alternate approach, not calculated here, would be to ignore the venting
of the initial ullage gas and utilize the full L3 cfm of ballast gas to
expedite the purging of oxygen frca the tank.)

In the assumed situation, whether or not there is any initial
vapor space, wvhen the point is reached where tha volume deducted to allow
for expansion of the gas already in the tank equals the volume puzmped to
the engines, the flow of ballast gas is continued at the cruise rate., This
is dome for two reasons: to avoid shutting down the inerting system, and
to reduce the oxygen content of gases in the ullage space, ‘

d. Ballast Gas Flow During Cruise (BGs)
During the cruise part of flight, the altitude changes (and con-

sequently the P changes) are negligible, and it is only necessary to replace :
the consumed fuel, hence 15 cfm of ballast gas is required, ) :

BGs = 15 cfm
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e¢. Ballast Gas Flow During Descent

(1) Normal Descent (BG4, BGs)

During a slow descent (eagines are idling), which is assumed
to take 20 min., the average rate of pressure change increase) 1g 0.7 psi/
min., the maximum rate of pressure change 4s 1.4 psi/mia., the vapor space
is 901 of FT capacity, and the fuel consumptica is about 1/5 that of cruise
rate or 3 cfm. As an approximation, the total pressure change is 14.7 psi.

Thus, the ballast gas demand is:
- (for average‘ A p, BG,)

o.9x3ooooga1lo.7psil'am '|ft3 v;3.183cm
, min. lln.'z,psilﬂagu |

BGy = 183 efm

(for maxizmum A P = the design value, BGs)

0-9130000531.| 1.4 psi | atm I 3 '_
* . I min. | 1GL.7 pal r“ngm"’.‘i 363 cfm

BGs = 363 ctm

(2) Powered Dive (BGg)

Assumed to last 0.5 min., during which the pressure change rate
is 14,7 psi/min. and the maximum fuel consumption rate applies. Vapor space
is 90% of FT capacity. -

Ballast gas demand due to pressure change is:

0.9 x 30,000 gal 14,7 psi '1‘&2“1}—?8?—‘ = 3,610 cfm
| min. 14,7 psi) 7.48 gal

Total ballast gas flow rate = 3,610 + 43 = 3,653 cfm

BGg = 3,653 cfm
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f. Anount of Water to Remove
The following wts developed in Secticn V-3

e one mole of dry ballast gas requires 1.081® moles
of combustion air

¢ one mole of water ia produced by the combustion
of 1l.4U%noles of oxygen

First, the total flow of ballaai géa during the flight is computed, and
this iz used to calculate the flow of cambustiom air and the sverage
pressure of the ballast gas as delivered,

(1) Flight Plen No. 1, No Initial Vapor Space

It 18 determined that after 13 minutes of ascent the BGy
value reduces t015 cfm, During the remaining 7 minutes of ascent, the
flow of ballast gas is maintained at cruise =ate (5 cfm). Referring to
Table I, periods 3, 4 and 5 are lumped together as a period of level
flight. %This simplification does not introduce any significant effect
in the calculations that follow: ’ _

. m = 3 n |
Asceut: | Qa - 2.15_f dn) + (20-13)x15 = S12¢f
n=Q 0 ‘
Cruise: [180 - (20 + 20)] x 15 - 2,100 cf
Descent /normal): 183 x (14.7/0.7) = 3,843 cf

Total Ballast Gas = 6,455 cf

6,455 x 1,081 = 6,980 cf combustion air

Total Combustion Air = 6,980 cf

The above volumes have not been adjusted to a cormon pressure,

For this purpose, a mean flight pressure can be calculated by dividing ‘he

sum of the volume x pressure value for all periods in the flight dy the
total volume (above). There are two major periods, one of constant pressure

and one of changing pressure (climb and descent). The average pressure for
the latter is obtained by dividing the area under the ambient pressure vs,
altitude curve (this area is calculated by graphical integraticn and is equal
to 34b,160 psia-ft) by the altitude difference {80,000-0 = 80,000 £t). This
gives an average pressure of 4,30 psia., Now, if a A P of +2 is maintainel
at all times, the average pressure at which the ballast gas enters the fuel
tanks during climb or descent becoues Pyyg = 6.30 psia.

‘For JP.70
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~ Level flight at 80,000 ft. corresponds to a tank pressure of
(0.4 + 2.0) = 2.4 psia, The mean flight pressure, Pyp, can now be calcu-
lated, . ,

By = (512 + 3,843) x 6.3 + 2,100 x 2.4
' - 512 + 3,843 + 2,100

PMF = 5,03 ‘phi&

- The molar volume of gas (Vy) is determined for the conditions
at which the ballast gas is delivered to the fuel tank: ,

tl " 200'? 9.. Tl L9 660.R
Byp = 5,03 psia = P}

assuming ideal'g'as behavior. Thus,

e il e 39 x O

vy = 1,407 f£t3/ib-mole

The total amount of \yater to be removed during the flight is:

6980 £t3 air | 0.21 moles " mole 1 mole 20 |18 1b 50
mole air I 1,407 £t 1.4 moles Op i 1b-mole

13.4 1b. water per flight

(2) Flight Plan No. 1, 10% Initial Vapor Space

The slight changes in Pyp and V; compared with the above
asituation are neglected. %Therefore, the cnly change involves the amcunt
of ballast gas during the climb. In this situation, the cruise {low rate
is started after three minutes of ascent.
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ne=3 © /' '
Ascent: 2 (23~2.1_5/ “adn)| 4 (20-3) x 125 = 335 cf
n=90 ~0 : '

- Cruise: = 2,100 cf
Descent: = 3,843 cf
Total Ballast Gas = 6,278 cf .

6,278 x 1.081 = 6,790 cf air per flight

Total Combustion Air « 6,790 cf

6,79 | 0.21 | mole 1 | 18110 _ -
) l’ho,z of lah mole 13-01bo Vlter/_flight

13.0 1b. water per flight

(3) Flight Plan No. 2, No Initial Vapor Space

This is Flight Plan No, 2. By reference to Table XII it is
seen that the ascent period is exactly the same as in the non-emergency
flight, and the cruise period is azhortened to 136 minutes (Periods 3 and b
combined) during which 15 x 136 = 2,040 cf of ballast gas is needed. Thus,
the ballast gas requirements differ significantly only in the subsequent

- periods relating to descent.

‘ During the powered dive portion of the emergency descent, the
gas flow rate is 2,653 cfm for = period of 0.5 min. During the gradual
dive (last 1 min.) portion of this descent, the change in pressure is from
7.747 psia at 17,000 ft., to 14.2 psia at 1,000 ft. altitude. Thus, AP
is 6.453 psi/min. and the flow rate due to pressure change is

0.9 x 30,000 gal | 6.455 | atm. | 43 . .
T Ty e T e 1,56 ot

Now adding for fuel consumption: 1585 + 43 = 1,628 cfm. Finally, during
the approach for landing (0.5 min, duratiom): ,

' 0.9 x 30,000 | 14.7-34.2pst |  atm. | £t3 o
05w, | W.Tpl | T ar 39 em




. , Thus, the total volume of gas required durihg an emergency
descent is: '

powered dive portion = 0.5 x 3,653 2 1,827 (34
gradual dive bortion = 1,628
epproach for landing = 0,5 x 24¢ ¢ = 125 |
| Total = 3,580 cf
fhe average presssures are:

" Altitude from O to 1,000 ft 14,35 psia

~ Altitude from 1,002 %o 17,000 ft 10.65

Altitude frem 17,00 :o 80,000 ft 2.53

The mean fuel tank piissure for the entire flight ig calculated:
512 x (4,30 +~ = 7,226 psia.cf k
2,040 x ( O,bOo+2;, - 4,896 "
1,827 x ( 2.53 +2) = 8,276 "
1,628 x (10.65 +2) = 20,564 "
125 x (14,35 + 2) = 2,0Lk4

6?132 cf = 39,036 psia-cf

PMF - 3’132 = 6.1‘ psia

The mean molar volume is

v2 - %’_;_5_7_ x 359 x %‘%or—

V, ='1,112 £t3/1b-mole




fow the water requirement is determineds

Ascent 512 cf
Cruise: 136 x 15 2,040
Descent 3,580

Tbtal Ballast Gas = 6,132 f

Total air = 6,132 x 1.081 = 6,630 cf

Total Combustion Air = 6,630 c;"_-‘

The amount of water formed 1s:

6,60 ct atr | 0.21 | mole | 1 | 18 1. mo0
| I 1,112 cf | 1.4 ] n;ole

16.1 1b, water per flight

(4) Flight Plan Fo. 2, 104 Initial Vapor Space
Again, neglecting the slight changes in Pyp and Va, the
on:Lv change is during climb, where 335 cf of ballast gas are required,
for a total of 5,955 cf, or 5,955 x 1.0811 = 6,438 cf of air.
The amount of water to remove is

6,438 | 0.21 | 1 | 18
l 1,112 ' 1.4 |

15.6 1b. water per flight

g. Rate of Water Formation and Removal

It is essential for design purpozes to determine the ratec of
water formation during various periods of a flight. The following calcu-
lations vere made for the ballsast gas flow rates of interest. As developed
in Section V-6-1 below, a part of the combustion water (55%) will be
removed by condensation in a heat exchanger (HE #3) immediately upstreanm
from the gas dryer. Therefore, the drier duty will equal L45% of the water

formed, The calculation model for the rate of water removal in the dryer is:

1k




Alr flow rate, cfm| 0.21 |  mole | 1 |18 1b. 1.0 | 0.453
- | | molar volume, cr] 1.4 l mole i

and the values of interest are tabulated:

Ballast  Corresponding Pressure Rate Bate of Water
Gas Air Flow in Fuel Molar of Water Removal
Demand, Rate, Tank™ Volume, Formation in Gas Drie-
emf cfm psia cf #/Min, #/Min.
15 16.2 2.4 2,950 0.015 0.007
363 392 15,54 Ls6 2.33 1.05
3,653. 3,949 4,53 1,563 6.82 3.09

¥Average pressure for the appropriate altitude range.

h. Quantity of Catalyst

The method of calculation for the quantity of catalyst required was :
outlined in Section V-3-c. Base values already developed for the SST in o
parts 6a-6g of this Section were used in making the following calculaticas,

These include the assumptions that a 10L excess £ fuel will be used, and -
that the equivalent composition and weight of ..e fuel are CgH20 and 128,
respectively, ‘ . .

By these means, the values shown in Table XIIIvere computedvfor each
of the ballast gas flow rates of concern for the SST.

Two oxygen conversicn levels, 96% and 75%, were used in calculating
the volume of catalyst, Vc. The specific weight of catalyst A (40.6 1bs,/cu.
ft.) was assumed in the last stages of the cal_ilation, and the results for
tk: situations of interest are presented in Table XIV, As indicated in the
table, 96% conversion during a normal descent was chcsen as the basis for
conceptual design of a catalytic combustor under Flight Plan No. 1, and 75%
conversion during the gradual dive portion of an emergency descent (covering
the altitude change from 17,000 to 1,000 feet elevation) was chosen for
Flight Plan No, 2, Other combinations might be selected, among which there
are two shown in Table XIV that require larger amounts of catalyst. However,
these would provide 96% oxygen conversion under high-demand conditions, and
seem unwarranted because those chosen will satisfy the target performance,

i. Flight Plan KNo. 1 ~ Average Flows and Conditions

The flows of heat and materials, and the conditions affecting
performance of the subsystem, are influenced significantly by the specific
flight plan. Immediately following is the development of balances for
Flight Plan No. 1, representing the average conditions for such items as
tank pressure, compressor air temperature, and cooling water temperature.

Results are entered on the flow diagram which appears in Figure 36 and
shows all of the pertinent streams and items of egquipment.
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(1) Data

(a) Heat of absorption (A Hra) of water (including the heat
of condensation in the amount of 1,050 BTU/# water):

for CaClz = 1,500 BTU/1b. water absorbed
for CaSO, = 1,700 BTU/1b. water absorbed
(b) Heat of vaporization of fuel,-

= 106 BTU/# at boiling point
100 BTU/# at  600°F,

(c) Heat of reaction for JP-7 = 18,750 BTU/#
(d) Average boiling point for JP-7 = L26°F,
(¢) Density JB-T: at 60°F = 6.66 1b/gal (0.7981 g/ml)
- at 300°F = 5.848 1b/gal
at 325°F = 5.765 1b/gal
at 600°F = 4.91 1b/gal
(£) Average heat capacity (apevcific heat) of fuel:
betveen 325 and 600°F Cp = 0.6925 BTU/(1b)(°F)
between 425 and 600°F cp = 0,720 "
(g) Molecular weight of air = 28.9
(h) Average heat caﬁacity of air:
between 225 and  932°F Cp = 0.2526 B'ru/(lh)('f)

between 225 and 1,11:"T &, = 0.2549 "
between 600 and 1,200°F Cp = 0.2606 "

(1) "Compensation Factor” conver'cs requirements of dry ballast
gas into those of air (because of water rormation and -
removal):

1.08]. (see Section Vv-3)-

(3) Each 1.k moles of oxygen (Oz) will produce 1 mole of
water (H20),

(k) A1l heat content data are based on 32° F as the relerence
point.
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(2) Assuxmptions

(a)

(v)

(c)

(a)

(e)

(f)
(g)

(n)

(1)

(3)

(x)

(1)

Volume of ballast gas to be delivered to fuel
tank = 1,000 ft3/min.

Pressure cf ballast gas leaving drier and estering
the fuel tank = 5.03 psia, the mean f1light pressure
for Flight Plan No. 1 (see Section Fo. Vb-1).

Temperature of dry ballast gas leaving drier and
entering fuel tank = 200°F,

Temperature of gaturated hallast gas entering the
ier = 100°F. ' :

Cooling water temperature:
at start of flight = LO°'F
at end of flight = BO°F
average for flight = 65°F
Fuel availsble, as cooling medium, at 300°F.
Fuel flow rates (to engines):
cruige = 107 gom (at 60°F) = T12 #/min.
4dle = 107 $ 5 = 21 gom (at 60°F) = 140 #/min.

Equivalent composition of JP-T is CgH20, thus its
molecular weight is 128,

104 excess (over stoichiometric) fuel is used in the
reactor.

Temperatures of aveilable air (high-pressure tap)

pear idle = 250°F
cruise = 800°F ,
pover dive = 1,000-1,300°F

average for normal flight = 600°F
Preheated air leaves reactor jacket at
600°C = 1,112°F

Noist ballast gas leaves the reactor catalyst bed at
or below the hot spot tewperature of 725°C = 1,337°F.




values,

(m)

(n)

(o)
(p)

(q)

(r)

Complete oxyger conversion is assumed for the purpose
of calculating: heat of combustion, water formation,
wvater removal and flows.

Moist ballast gas leaves HE lio. 2 at 3L0°F, the fuel
at 350°F.

Cooling water leave. HE No, 3 at 210°F,

Cooling water ieavcs 7as drier at 180°F, co-current
flow pattern,

Fuel vapor pressure in the fuel tank 1is neglected,
(This makes our calculations more conservative,)

Zero water content is assumed for the compressed air
supplied by the engines.

(3) Heat and Material Balances

Appendix E summarizas the calculations involved in developing
the heat and material balances for the SST average flight conditions,
using the above data and assumptions. Most of the results ar2 shown on
the flow diagram in Figure 36. Following is a tabulation of the important

Molar voluw: at sssumed conditions 1,407 ft3/1b-mole

Air flow for 1,000 cfm ballast gas 1,081 £t3/min.

22,21 1b/min.

Fuel flow to combustor " 1.623 1b/min,
Mixture flow to combmstor 23.82 ®
Rate of water formation 2.015 "
Water condensed in HE #3 1,135 "
Water removed in gas drier 0.9k "
Dry ballast gas delivery 21,75 "
Total cooling water require- 27 "
ment

Fuel required as coolant 11k "

It may be renarked that the total cooling water required for the drier and
HE #3 is in excess of that required for the combustor, and wet steam will
issue from the cambustor cooling coils.

i




(b ) Flight Requirements

The above results, in conjunction with the total coszbustion
ajir flow during a flight, can be used to calculate the total flight require-
ments. For example, it 1z recalled that the total air requiremesnt for
Flight Plan Bo. 1 (with no initial vapor space in the fuel t.nnkl) 1s

6,980 ft3,

(a) Total cooling water consumption:

6,980 x .
1,000 x 1.05T =~ 177 1bs.

{v) Tolad water removed by condensation:

6,980 x 1.135

1,000 x 1.oAT ~ [-3% vs.

(¢) Total uut.er removed in drier:

6 9& X o. 4 p
1,000 x 1.%31‘ = 6.07 1vs.

The sum of (b) and (c) above equals the total amount of water formed in
the combustion reaction, because 100% removal is umd.

J. Flight Plan No. 1. Design Flows and Conditions
In the following pnsentatién, desicn flows and conditions are

- generated for that part of Flight Plan No. 1 tbat represents maximuna
ballast gas demand. This i3 the period of normal descent, when the rate
of ambient and fuel tank pressure increase equals 1.4 psi/minute. As
previocusly determined:

Dry ballast gas demand = 353 eMm

Dry ballust gas temperature = 200°F

Pressure in fuel tunk = = 15.53» psia

The flovs and conditions were calculated as in the previous situatiom,
but only the buu and results are shown.

(1) n-u

The data are the same as in the previous calculations for
average conditions.




L

(2) Assumptions

Only those that differ from the ones listed in the calculations

for average conditions are indicated below,

Cooling water available at 80°F. |

Fuel flow rate (pear idle) = 21 gpm (at 60°F) 14O #/min.
Air available from high pressure tap at 250°F,

The remaining (unused) fuel vapor prescnt in the gas that

leaves the reactor is considered as ballast gas (that is
nitrogen and CO;) with regard to its thermal and flow behavior.

(3) Results

Following
°

gas drier

Most are indicated in the flow diegram given in Figure 37,
is a tabulation of the important values.

Molar volume at assumed conditions = 455.5 rt3/1b-mole.

Air flov to supply 363 cfm of dry ballast gas = 392.L cfm
= 24,9 1b/min,

Fuel fiow to combustor = 1.82 1b/min.
Mixture flow to combustor = 26.72 #/min,

Rate of water formatiom = 2.33 #/min,

Water condensed in HE #3 = 1,27 #/mi.n.
Water removal in gas drier = 1,05 #/min.
Dry ballast gas delivery = 24.39 #/min.
Total cooling water requirement = 34,8 #/min.
Fuel required as coolant = 52 #/min. |

Again, the total rate of cooling water needed for HE 3 and the
is excessive for the reactor.
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k. Equipment Design, Flight Plan Ko, 1 .

The foregoing permit sizing and design of the ccormponents of the
inerting subsystem. Design of the combusior is based on peak demand for
ballast gas, which occurs during the descent period. Design of the gas
drier must satisfy two criteria: ability to handle the peak demand, and
capacity to hold (without regeneration) the total quantity of water to be
absorbed over a minimm mumber of flight hours. The total system must be
capable of functioning during the period of critical pressure drop (high-
altitude level flight).

(1) Results

Details of the design and weight calculations are given in
Appendix F, The results obtained are summarized below, with all figures
rounded to the pearest pound:

() Air and Puel Feed Equipment

Supply piping 19 1bs,
Spray nozzle assembly 1
Vaporization chamber 91
Chamber outlet piping 1k
Heater 12

Sub-Total 137 lbs.
(b) Combustor '
Core tubes 5 lbs,

Catalyst retention screens 73

Catalyst 14
Catalyst diluent | 16
Cooling tubes 323
Outer wall 135
Outlet section n
Puel preheat tubing 5
Heating elements 12

Sub=Total 694 bz,




(c) Heat Exchanger HE 1

Duct
Cooling tubes

Sub-Total

(d) Heat Exchanger HE 2

Duct
Cooling tubes

Sub-Total

(e) Heat Exchanger IE 3

Duct,
Cooling tubes

SubeTotal

(f) Drier
Outer wall
Cooling tubes

Desiccants

Filter and Screens

Water tank and water
SubTotal

(g) Total Subsystem

Feed Streams

TOTAL

Pounds
1699
1748

694
205
157
137

L6400

322 1bs
1426
1748 1bs

48 1hs.

1
i% 1bs.

78 1ba,

127
205 1bs .

184 1vs.
237
989
13
_306

1699 1ps,

2
o

38
15
L

3

3
100




(2) Discussion of Weight and Size

The largest and heaviest item in the combuator fced equipment
is the vaporization and mixing chamber, which i3 5'-3" long and weighs
91 pounds. It is designed for use with & two-fluid nozzle, Lesign cone-
ditions are 1100°F and 220 psig, the maximum pressure expected from the
high-stage compressors. The savings in weight that would possibly result
from use of alternate types of equipment were not evaluated. Tne weight
of the electrical startup heater is minor (12 pounds). ’

The combustor i1s a major item, measuring 43" long by 21" in
diameter,and weighing 694 pounds. Nearly half of this weight is for the
cooling tubes embedded in the catalyst, and the next heaviest s.bitems are
135 pounds for the outer wall and 116 pounds for diluent. ~Possibilities for
weight savings exist in several areas: use of an alloy for the finned tubes
having detter strength-weight properties than 316 S8S; full optimization of
the diameter and length of the combustor, and dimensions and spacing of tubes
and fins; and detailed comparisona of cther combustor types with the radial

type.

The heat exchanger (HE 1) which preheats the cembustion air
and provides the first substantial cooling of the combustion gases 13 the
heaviest of the components, It is housed in a duct measuring 2 feet x
2 feet x 5.3 feet long. The 23 banks of finned tubes (0.93" ID) weigh
1,426 pounds, and the duct itself weighs 322 pounds. These weights are
based on the use of Hastelloy C, and the flow of the cooler fluid (air) in
the space external to the tubes, which favors a thinner duct wall, Other
alloys were not considered, and dimensions have not been optimized,

The next two heat exchangers are housed in a duct measuring
1 foot x 1 foot x 5.3 feet long. The fuel-cooled portion is of 316 SS con-
struction, vhile the larger, water=cooled section is made of aluminum, :
The weight of the duct walls is 126 pounds, and the combined weight of fuel
and water tubing is 236 pounds. Here again, the design has.not been optimized -
for minimum weight. o

The drier is the second-heaviest component., The combination of
CaClz with zeolite ylelds a residual water concentration of 10 ppm (volume)
at 150°F and an overall average design space velocity of 380 hr=l, Weight
and efficiency are better than can dbe achieved with the CaClo-CaS0, combination.

Temperature is the dominant factor governing the performance vs weight relation-

ship. It was found that substantial benefits in both performance and weight
can be achieved by increasing the quantity of cooling water in order to
reduce the drier temperature from 200°F (original plan, see Figure 37) to
150°F., This is illustrated by the following summary of calculations made
for the combination, CaCly plus CaSO,.

e o e e s bl e A i e S s Ak At | -




Exit gas temperature, °F 150 200

Exit water‘ conc,, pp 100 1,000
Total bed volune, ft3 30.b 83.5
Total weight of agents, 1b 2,053 5,430
Cooling water per flight, 1b 122 5%

Dramatically, the 67 pounds of additional cooling water reduces the exit
water concentration by an order of magnitude, and effects & saving of
more than 3300 pounds in weight of agent alone. This is accomplished by
maintaining a constant temperature difference of 20°F betwesn gas and
coolant throughout the length of the drier, using parallel flow.

: This departure fram the acheme presented in Figure 37 does not
‘n‘fect any cozponents other than the drier, since during most of the

f1light the dallast gas is likely to reach a temperature of 200°p (fram
contact with the hot walls) soon after entering the fuel tanks,

. The drier is 1 foot x 2 feet x 12,8 feet long, exclusive of
the transition pleces at each end. It is charged with a coxbined total
of 589 pounds of CaClp and zeolite, and provides protection over a period
ot 50 mght hours without regeneration,

A tank of cooling water is included as a part of the drying
. equipments its weight including initial water supply is 300 pounds. The
- other main weight items are the finned alumimim cooling coils, weighing
237 pounds, and the alumimum cuter wall, weighing 154 pounds. Here again
the dimenaions and spacing have not been optimized,

The total subsystem weight of 4,640 pounds does not 1nc1ude
the weight of the controls, some connecting lines, structural supports, anmd
insulation., It represents 2,3% of the initial fuel load (200,000 pounds).




1., Flight Plan No. 2 = Average Flows and Conditions

Calculations of average flow rates and conditions of temperature
and pressure are made in a similar way to those precented above for Flight |
Plan No. 1. Details are amitted; only the important assumptions and resulis
are given below. Note that all flows are related to 1,000 c¢fm of ballast

gas, and that 200% conversion of oxygen is assumed,
(1) Conditions and Aésuzptions

BG demand 1,000 cfm

BG temperature (in FT) 200°F

Pressure in FT _ v | 6.37 psia ,

Oxygen conversion ' 1004 . |

Avg cooling water inlet temperature 60°F®

Drier cooling water exit temperature 180'1?' ‘

Fuel: temperature 300'1?
cruise flow rate 712 /min

Avg temperature of air ‘ 975°F .

entering subsystem (at HE 1)

A1l 6ther assumptions remain as in FP No, 1 unless
calculations dictate otherwisge, .

(2) Results
Molar volume at average conditions 1,111 ft3/1b-mole |

Amount of air required for 1,000

cfm BG 1,081 cfm

Weight of air - 28.11 1b/min ”

Weight of fuel required 2.05 1b/min | b
Welght of alr-fuel mixture 30.17 1b/min -

Weight of water formed (100% |

conversicn) 2.63 1b/min

®snorter £1ight time means less heat into water thar in FP No. 1.




Anount of water removed by condensatica 1.4 1b/min
Anount of water remcved in drier

(100% efficiency) 1.19 1b/ain
Welight of dry BG delivered to FT 27.5 b/ain
Cambined cooling water for HE 3

and drier 30.1" 1b/nin
Azount of fuel required as coolant 247 1b/min

Tor a ccmplete flisht, including 10% excess for any
contingency, the load of cooling water for thes inerting subsystem is

205 1b,

- The heat and mass balances for the vorious corponents
in the subsystem during SST Flight Plan Ko, 2 (averags conditiona are
presented in Figure 38, ,

(3) Use of Additional Cooling Water

Under FP No. 1, it was found tuat tba temperature of the
BG leaving the drier can be reduced to 150°F by using an sdditional quane
tity of cooling water. Similar calculations for FP Fo, 2 show that the
saze can be accamplished with the following flows and conditisna:

drier cooling water exit temp. 130°r
cooling water rate (drier) 22.3 1b/min
cooling water rate (drier + HE 3) 42,1%%p /ndn
Mﬁa?iic;g il S 285 1 |

m. Flight Plan Fo. 2 = Design Flows apd Conditions

Design flows and conditions are based on the peak flow rate
expected during the powered dive, namely 1623 cfm, As in the preceding
subsection, BG temperature is 200°?, but a lower conversion level of

75% 1s employed.
" (1) Conditions and Assumptions |
BG demand 1,628 cfm
BG temperature 200°F
Pressure in FT 12,65 psia .
Conversion 75%

early sufficient for the combustor, vhich needs 30,3 1b/min, Balance
" to be achieved by collecting and using the condensate frem HE 3,

Mre than sufficient to supply the cambustor.
130 |
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' Cooling water inlet temperature 75°F

Drier ‘cooling water exit temperaturce 180°F
Fuel: temperature . 300°F

o am pover flow rate 2,140 1b/min
Temperature of air entering subsystem 1,200°F

_ A1l other asmtions remain unchanged,
.(25 Results
Molar volume at design conditions 560 ££3/1b-mole

Amount of air required for 1,628 cfm BG 1,760 cfm

Weight of air ‘ 90,9 1b/min
- Weight of reaction fuel required 6.64 1b/min
Weight of air-fuel mixture 97.5 1b/min

Weight of water formed (75% conversion)  6.37 1b/min
Amount of water removed by condensation  2.52 l.b/mii';
Anoint of watey removed in drier 3.85 /min

Amount of fuel removed by condensation 2 1b/min

Weight of dry BG delivered to FT 8.2 1b/nin
- Combined requirements for cooling water 105 Ib/min
Anount of fuel required as coolant 822 1b/min

A chart showing the flows and conditions throughout the subsystem 13 given
in Figure 39.

(3) Use of mtioml Coonng Water
The temperature of the BG leaving the drier can be reduced
to 150°F by using additional cooling water, as in the previous case., In
this instance, the cambined cooling water requirement (HE 3 plus drier)
reaches 158,5 1b/min versus 105 1b/min needed in the cambustor.
n. Equipment Design, Flight Plan No. 2
(1) Method
The equ:lpnent design generated for the SST inerting subsystem

urder Flight Plan No. 1 was used as a point of departure for Flight Flan
Ko. 2. ‘The latter calls for a larger subsystem, and the weight of each
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component was scaled up by an appropriste method, as deacribed in Appondix
G where the calculations are presented.

Special attention was given to a welght comparison beiween
two conbustor designs. The radial design was scaled up from 831 FP No. 1,
and comared against the segmented design,
The design was not checked for pressure drop.
(2) Results

 The following sumary of weights is taken iron the calculations
. 4n Appendix G.

(a) Air and Fuel Feed

.supply and outlet piping 100 b
spray nozzle 1
vaporization chazber . 202
heater 24
fuel booster pump 10

, Sub Total 337 b
(b) Cambustor (Radial) _

" entire unit, by scale factors  1,bil4 I
(c) Combustor (Segmented)

retention screens (8) 54 1b
catalyst 2h
catalyst dilluent e
cooling tubes 352
outer vall (duct), baffles 170
fuel preheat tubing 7
heating elements 13

Sub Total 630 1b




ARy

(d) Heat Exchanger HE 1
| Same ags FP Ko. 1 1,748 b
(e) Heat Exchanger HE 2
Entire unit, dy scale factors 239

(f) Eeat Exchanger HE 3

Entire unit, by scale factors 225
(g) Drier

outer wall (duct) 577 1b

cooling tubes 431

desiccants 3,63;]

gas filter and screens
water tank, water, pump ‘ _.},32
Sub Total 5,050 b

(b) Total Sudbsystem (with Segmented Reactor)

Camponent Pourds 3
Drier 5,050 61
HE 1 1.748 21
Cambustor ‘ 630 8
Feed Streams 337 L
HE 2 239 3
HE 3

, 555 o

(3) Discussion of Weights

The drier weight dcminates the subsystem, representing 61% of
the entire package. In ccmparison to the drier for FP No. 1, it is
heavier by a factor of 3 and handles 3.7 times the volume of BG. This
daminant position of the drier is mainly a result of welight savings achieved
for the other major camponents.

The weight of HE 1 is only 21% of the package in thiz instance,
No change in weight (vs FP No. 1) 1is required becsuse the air is lied
to the subsystem at a , much higher temperature, and only requires 100
preheat, The segmented combustor weighs less than half as much as the
scaled radial type, and its weight is only 8% of the subsystem weight.

As in the previous case, the subsystem weight does include the
weight of a cooling water tank and pwmp, plus the water required for the
inerting subsystem, It does not include the weight of controls, atrustural
supports, insulation, and scme connecting lines,
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7. CASE ANALYSIS I1I « TACTICAL AIRCRAFT
‘., Basis
A hypothetical tactical r:nission representing present-day gréund
support operations was obtained through the cooperation of the Air Force
Aero Propulsion laboratory. The miasion profile is shown in Figure L0,
vhere geveral significant differences from Case I can be noted., The
altitude does not exceed 35,000 feet, there are two refuslings, and there
are four descent periods during which ballast gas required for vressure :
adjustzents in the fuel tanks adds to the water absorption capacity reguired
in the drier. Total flight time 4s 155 minutes, of which 38 ninutes are
" spent at full power and 30 mimtes at idle, The remainder is classed as
cruise power, A tabulation of pertinent deacriptors for the flight 1s
given in Table XV, .’ ’
'b. Fuel Flow Rates
Tank capacity = 2,000 gal = 267.h £43
90% full capacity = 1,800 gal = 241 43 .
Assume two drop tanks, capacity 300 gai. each
Total fuel per mission = 2,000 (0.75™ + 0.75® + 0.80) + 600 = 5,200 gal
Cruise fuel rate = R, '
Maximm fuel rate = Ry = 3 R,
Idle fuel rate = Ry = 0.2 Rq
Maximum fuel rate applies for 25% of flight
Idle fuel rate applies for 19.5% of flight
155 min (0.25 Ry + 0.195 Ry + 0.555 Re) = 5,200 gal
0.25 x 3 Re + 0.195 x 0.2 K¢ + 0.555 Re = (5,200 155) &21/min
0.75 Re + 0,039 R, + 0,555 Re = 33.55 g
1.344 Re = 33.55 gpm
R = 25 g
= 3,34 efm

= 160 1b/min

REach refueling = {90-20%) + 5% for fuel consumed while refueling.
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R, =75 g
» 10,03 efmn
= 479 1b/min
Ry = 5 gm
= 0,67 ¢
= 32 1b/min
Because of the low fuel rate at idle condition, it may be
necessary to circulate fuel through HE 2 during the descent and sapproach
to landing, in order to provids sufficlent cooling capacity. The tempere
ature of the fuel avallable for cooling is assumed to vary during the
nission as shown in Pigure L1, which 4s based on information furnished by
the Air Force Aero Propulsion Laboratory. A design temperature of 60°F is
chosen because the design situation represents the deacant, when temperalures
are expected to de at this level or lower,
c., Ballast Gas Demand
(1) Total Requirements

Total requirements were obtained by sumation of the demand

. during each element of the flight, calculated by the same or similar methods

used in Case I for the SST, neglecting the fuel and volume of the drop tanks.

Initial clird (10% vapor space) " kO et
Cruise ' 07
Refueling descent (80% npcr space) 67
Refueling : 17
Approach to ccmbat zope (104 vapor space) 56
Initial attack dive (20% vapor space) 89
3 attack passes (level flights) 2k
2 attack approaches (level flights) 60

Climd after first attack (30% vapor spsce) 10

Second attack dive (L0% vepor space) L8 ef
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Clixd after secosd attack (5C% vapor space) 10 eof

Third attack dive (603 vapor space) 62
Recovery clinb (65-T0% vaper space) 7 _ | .
Refueling 17

Approach to crulse altitude (1C% vapor space) 39

Cruise 67
Descent (70} vapor space) - 263
Approach to landing (75% vapor space)  ho
1anding (&# vapor space) k9 ef
TOTAL PER FPLIGIT 1,102 of

The above total is based on use of the cruise flow rate as a minimm flov
rate during the climds, as wvas done in the caze of the 837,

(2) Design Rate

Maximm demand occurs during the third attack dive, when 60%
of fuel tank capacity 4s occupied by wvapor, ths en7inu are operatinz at
full power, and a pressure change rate of 14.7 psi/min is experienced, In
thia litnation the ballast gas demand (and flow rate) is:

0.6!200053.1'11&.7;931'&@ ] 3 .
) | =in 387 pai | 73‘3881 + 10 =171 cfn

Design flow rate = 171 cfm

d. Mean Flight Pressure

The average pressures for the altitude rangss corresponding to
individual elements of the flight are listed delow., These prassures, as
well as the mean flight pressure are determined following the same method
as outlined for the SST., The pressure in the meltunkhumdtobe
1 pl:l above the ambient static pressure,

W2




Altituds Ranme or levsl

0 to 30,000 ft

30,000-35,000 ft

35,000 1t
30,000 £t

25,000-30,000 ft

3,400-25,000 ft

3,400 £t

 3,k00-10,000 ft

10,000 £t

3,400-30,000 ft

7,000-35,000 ft

2,500-7,000 ft
0-2,500 ft

Mean flight pressure calcnlntion:

4o x 95.71
50 x .145.9‘5117
67 x h.u6
67 x L.9
17 x 5.36
56 x 5.9
89 x 9.8
24 x 1h,06
60 x 11,1

- 10 x 12,62
48 x 12.62
10 x 12,62
62 x 12.62

Avg. ASP, Avg. Tank
peia Preesure, paia
8.711 9.71
3.9 4.9
- 3.u6 L.h6
L.36 5.36
h.§ 5.9
8.686 9.86
13.06 14,06
11.62 12,62
10.1 1n.1
8.13 9.13
6.78 7.78
12,41 13.k1
14,09 .15.09
388,44 psia~ct
45
298.82
328.3
91.12
330.b4
877.72
337.44 )
- 666
125.2
605.76
126.2
7821k
13
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27 x 9.13 = 26,46
17 x 5.36 = 91.12
39 x k.9 = 191.1
67 x L.U6 = 298,82
263 x 7.78 = 2,045,61
B0 x 13.b1 = 536.48
k9 x 15.09 = 739.17

= 9,352.6 psiamct

f1ight « 9,352.6 psiaacet
Mean ght pressure oL

= 8,5 psia (in fuel tank)

Mean flight pressure = 8.5 psia

e, VWater Formation and Renpval
(1) rormation

The fuel used is JP-li, whose equivalent composition is
. C1oH20 with a molecular weight of 1LO,

Stoichiometric equation (at 10C% conversion)

Ciofz20 + 15 Op =i 10 COp + 10 HXO

The molar ratio of cxygen to water is

.F-Eg-%%nl..s

and the mass ratio is ‘

o - B2 e

LY}




Stoichiometric equation using air (at 100% conversion)

1.4 Cloﬂeo + 21 02 + 79 he — 79 Na + 14 C02 + 14 Hzo

Relations: 1.4 moles fuel to 100 moles air
100 moles air to 107 moles moist BG
100 moles air to 93 moles dry BG
Consequently, removai of water canées a net shrinkage of 7 moles,
fc compensate, we need 100 : 93 = 1,075 moles (or cf) air for each mole
‘or cf) of BG to be supplied.

10% excess fuel and 100% conversion of oxygen
1.54 Ciglpp + 21 Op + 79 Fp —»T9 N, + 14 COp + 14 HxO + 0.14 C)oHyg

Relations: 1,54 moles fuel to 100 moles air
100 moles air tb‘lw.lhAmolea moist BG
100 moles air to 93.14 mblgs dry BG
10% excess fuel and 75% converaion
1.54 Cygfiag + 21 O + 79 By —a 79 N + 5.25 Oy + 10.5 €O,
| + 10.5 Hz0 + 0.49 Cyofing
Relations: 1.54 moles f‘aél to 100 moles air
100 moles air to 105.74 moles moist BG
100 moles air to o, 77 moles dry BG
(2) Total Water to be Remaved

To be consemtive vater removal is based on 100% conversion,
although actually during portions of flight (espacially diV“) the conversion
level will be considerably lower.

Because the temperatures of the fiel and of the cooling wvater
are much lower than in the SST case, it may be assumed that the dry BG will
reach the fue)l tank at the following conditicas:

T = 560°R "
P = 8.5 psia
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The molar voluxs of gns is , ‘
Vp = %’-;-2’-?- x 359 x % = 706.7 f‘tB/lb-»mla
The total amcunt of air necessary to supply the n.qqir_ed
amount of BG 1is ’ S

1,102 x 1.075 = 1,185 cf air per flight.
The total amount of water formed and to be removed is

1,185 cf atr | 0.214 | mole | 1 | 28 1 0

4,23 1b water per flight

As 1s shown later, 2,85 1b are removed by condensation and
1.37 1b in the gas drier. .

f. Amount of Catalyst

This calculation is made by the method used for the SST in Case I.
Pollowing is a summary of calculations. :

Vpg (at 100°F and 12.62 psia), cfm ' in

V) = VamR = 1.079'Vpg, ofn 18

Py = pressure in fuel tank, psia 12.6

Vyx Py '2,320'

Vo = VyPy [32.5/(560 x .7)], et 150

V, = molar volume (at 72.5°F and 14.7 psis), cf/lb-mole 388

Nz = V2 ¢ Va 1b-aoles air/min ' . 6.386 :

o, = 0.21 Mypp lb-noles oxygen/min - 0,0811 | |

Ppo = 60 Ny, 1b-moles oxygen/hr h.87 |

Ny = 0,015 Ny rz 1b-moles fuel/min 0.00595
Wp = 140"N, 1b fuel/min " 0.833
Specific voluze of fuel vaper, ££3/1b » o 3.0h
.. wewpxm.vlom 2.53
®ror g5,
{ 146
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Vp = Vo + Vp, cfm 152

Cap = B, & Vo moles/rt3 0.00053 '
k (assumed the same as for JP-7) 154,000
X Cpp 103.45
Fpo/k Cao | 0.0470
Conversion, % 9% 1
E, 0.0552 0,041k
Xa
[(1 +5) u( 1/(1-xA)) - sAxA]o 3.34 1.4
Vor £t3 (see equation (A), part V-3-¢)0.157 0,066 .
V.= foVeo b 6.k 2.7 5_
Material and Heat Balance for Average Conditions 1
(1) Bases '
~ BG demand = 100 cfn
BG temperature = 100°r
Pressure in fuel tank = 8.5 psia o
(2) Data | -
1. Heat of reaction for JP-k = 18,500 BTU/1b
2. Average bolling point of JP-k = 336°F
3. Density of JP-li: at 60°F = 6,381 1b/gsd
at 100°F = 6.237 *
at 200°F = 5,877 *
at 300°F = 5.522 "
b, Beat of vaporization of JP-h = 110 BTU/1b (estimated) ’
5. Conversion factor = 1,075 (to coanvert BG demand into «
air requirement) 1
6. Each 1.5 moles axygen will produce 1 mole water :
7. Curves were developed for thermodynamic properties of
liquid and vapor JP-k,
LY
' i
S
[ I i




.

o* ‘ values.

{2) froserptions

Items of equipment and stresms of malerials referred to bclcw
are displm:‘. in Pigure 42,

1.

2.

3.

9.

10.

11,

12,

Temperature of dry B0 entering fusl tank = 100°F

Texperature of saturated BG leaving HE 2 = 85°7,
(Contrary to Case I, there is no meed for KE 3.)

Moist BG leaves catalyst bed at or slightly below 1,337°F

At all times during the flight, cooling water is availahle
at a temperature of LO'F, [In fact, it may be infarred
from the fuel tewperature profile (Figare 41) that :
oceasional heating will be neceasery to prevent freeszing,]

‘The cooling water leaves the gas drier at ~80°F.

Fuel i3 available r9 coolant 24 63°F, and leaves EZ 2
at 150°F. Its moxizum texperature &t any time during
the flight is 200°F.

Fuel flov rate = cruise flow rate = 25 gra (at 60°F)
= 160 1b/min,

Equivalent ccmposition of J'P-h is C10H20, with ‘molecular
weight of 140,

107 excess fuel (over stoichimetric requirmnta) is
used in the caxdustor.

Reaction fuel is preheated to 300°F. Higher temperatures
are avoided to prevent fouling as a result of thermal
degradation.

Alr is available from high pressure tap at 600°P.

Air is preheated in HE 1 {0 1,112°P.

(h) Results

Calculations made as per the methods used in Case I yielded

Molar volume at average conditions

the results given in Pigure 42, PFollowing is a tabulation of the important

Flov of air for 100 cfm 3G 107.5 cfm

Veight of air | b.% 1b/min

Amount of fuel required 0.328 1b/min
148
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Woight of air-fuel mixiure 4,73 1b/ein

Azcunt of vater formsd ' 0.383 1b/ain
Quantity of water removed by condensation | 0.268 1v/xnin
Qiantity of water removed in gas drier 0.115 1b/min
Amount of dry ballast gas delivered to FT 4,34 1b/min
Azount of cooling water required k.23 1b/min
Azount of fuel necessary as coolant 30.5 1b/min

| These values are on the basis of 100 cfn of dallast gas. Totals for the
entire flight are obtainad by multiplying the ubove results dy 1,102 & 100 = 11. 02.

The total amount of cooling water, including 10} extra for
contingency, is 52 1b per miasion of 155 mimites,

b, Material and Eeat Balance for Design Comditions

(1) Bases

.

BG demand = 171 of

BG teaperature = 100°F

Pressure in FT = 12,62 psia

(2) Data

S8ame as for Average Conditicns
(3) Aszaumptions

. _ . Listed Ybelow are the asompticns that dirfer frem those shown
: fcu- Aveuge Corditions.

1.

2.

3.
L,

S.

r....‘f .

7 e X g R o)

The axount and temperature of cooling water leaving the
drier ia calculated in conjunction with the cozbustor
design calculations, ‘
Tuel is available for cooling at 60°F

Fuel flov at full power is 75 gpa (at 60°F) = 479 1b/uin,

10% excess fuel (over stoichiometric) is used in the
combustor, and 75% conversion is assumed.

Air from the high pressure tap is availadle at 1,200°F
and 232 psia. It leaves HE 1 at 1300°F.

150
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(4) Results

Conditions and flows are set forth in Figure 43, Calcue
1ation details are given in Appendix H., Following is a tabulation of
the important values: ‘

e Molar volume at assumed conditions in fuel tank = L76 £t3/lb-mole
e Air flow to supply 171 cfm of dry BG = 184 cfm
= 11,2 1b/min
e Fuel flow to cambustor = 0.833 1b/min
e Mixture flow to cambustor = 12,00 1b/min
e Rate of water formation = 0.73 1b/min

®  Water condensed in HE #2 = 0.439 1b/min
e Excess fuel ~ondensed in HE #2 = 0,252 Ib/min
e Non-condenssble excess fuel = 0,013 1b/min
e Water removed in gas drier = 0,291 1b/min
® Dry ballast gas delivery = 11.02 lb/min
e Cooling water requirement = 8.3 1b/min
e Fuel required as coolant = 95 1b/min
i, Equipment Design, Tactical Alrcraft
(1) Basis |

For conceptual design purposes, it is assumed that the peak
demand for ballast gas, which occurs under "design conditions", represents
the peek demand and design condition for each component in the inerting
package. This may not actually be true, but a definitive design study of
each compenent is beyond the scope of the present program. As in the SST
aituation, the drier, which accumulates water as it performs the drying
function, must be sized for capacity as well as efficiency of performance,

Table XV indicates that, during most of the flight, air will
be available from the high stage of the campressors at a pressure of 40.7
psia, or sbove. Although design conditiocns represent a period of powered
degcent vhen air is available at a higher pressure, it is agsumed that a
regulator in the line adjusts the pressure to the stated value,
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The main features of this design are:
e use of a segmanted reactor.

e omission of HE 3

With the excepticn of the vaporization chexber, the major caxponents can -

be located within a cammon duct through which the: ballast gaa passes,
alvays remaining on the duct side of heat exchange tubes,

concerning duct size, and changes in duct size from one section to ancther,

are not recolved in this study. The schematic diagraa

in-Figure 44 describes

tbe system in concept. Details of the calculations are given in Appendix H.

(2) Results

The results obtained are summarized below:

(2) Air and Fuel Feed Equipment

Supply piping 11
Spray nozzle aasembly 1
Vaporization chamber 27
Chamber outlet piping 13
-
55

Heater
hi.)
| (b) Combustor _ |
Catalyst k 1b
Screens (6) 10
Heaters . 3
Fuel preheat pipe 2
Cooling tubing 61
Duct (houaing) 30
110 v
(¢) Hest Exchanger EE 1 -
Duct 611>
Cooling tubing 211
272 b
, (d) Heat Exchanger HE 2
Duct 61 v
Cooling tubing 191
252 1b
(e) Drier
Outer wall - 39
Cooling tuding 67
Desiccants 154
Filter, screens 5
Water tank and water 10
375 1v
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(3) Discussion of Weight and Size

and zeolite is the lowest weight and most efficient cambination of the

agents considered, However, same further investigation of agents that .
function best in the lower temperature region (up to 100°F) may yield a

saving in size and weight. A detailed design study may also lead to a

change in the quantity of desiccants required, which provide a higher-

than-target 73 hours of protection in the present design, Overriding any

other changes that may result from the above would be changes in deslgn

targets, such as an increase in the allowable quantity of moisture in

the ballast gas.

reduction in size and weight as a result of detailed studies directed ‘
towvard optimization of tubing dimensions, bpacing, and duct size. Alloys *
other than Hastelloy C may offer weight advantages.

subsystem weight,

do the calculations reflect any credit for heat transfer by the radiation

mechanism,

however, this equipment together with the combustor represent only 15% of

the entire

the weight
sapports.

tanks). This is far greater than the correspending figure for the SST
because the SST has a much larger initial fuel storapge capacity in relation
to the rate of fuel conrumption.

(£) Total subsystem

B F o

Companent Pounds _2_ i
Drier 375 35 ?
HE1 272 %

EE2 252 24

Combustor | 110 10

Feed Streams 55 5.
064 100

The heaviest camponent is the drier, The cambination of CaClo

The second-heaviest component, HE 1, is sudbject to a possible

Similar comments apply to HE 2, which represents 24§ of the -

The segnmented combustor design has not Been optimized, nor
Design of the air and fuel feed equipmeiit has not been optimized;
subsystem weight.

m“ total subsystem weight of 1,064 pounds does not include

of controls, insulation, same connecting lines, and structural
It represents 6.4% of the initial fuel capacity (including drop
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8. CASE AMALYSIS III = C-141 TRANSPORT AIRCRAFT
a, Basis
Data on typical C-141 flight parameters and the mission profile
(Figure 45) were obtained through the cooperation of the Air Force Aero
Propulsicn laboratory. All pertinent inforrzation was developed based
on the above data and is surmarized in Tebles XVI and XVII., In addition,
the following information ard constraints are applicable:

e Water in BG entering fuel tank: < 0,001 1b H0/1b dry gas
(equivalent to < 1,555 prm Hz0 V/V)

e Inerting gas may contain <8} oxygen

e Time between regenc 4tions = 42 hrs
(equivalent to > 6 cycles as per Table XVI)

e Fuel type: JP-h |
e Initial fuel load = 150,000 1b< 3,143 cu. ft.
b. f‘nel and Cooling Water Temperatures

The initial fuel temperature of the C-14l transport is 90°F, 5°F
below that of the Tactical Aircraft, Case Analysis II. The change in
C-141 fuel tempemture with time can be estimated by reference to Figure 41
(Tactical Aircraft), bearing in mind that differences in the cruise speed,
flight altitude and type of mission tend to give lower temperatures in the
c-ll‘l.:

The maximm stagnation tempereture for the C-1ll at 40,000 ft
is given by(2)

T,
TA 2

vhere

T, = ambient temperature, °R = (=69) + L60 = 391°R

spedfic heat ratio of air = 1.4

M = Mach muber = 0.75 |

This yields
Ty = stagnation temperature, ‘R = L35°R
0 25°F

This temperature is réalistic for the leading edges of various portions

of the aircraft. At other positions, the surface temperatures will be
less than the maximum stagnation temperature,
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With regard to mission type ard altitude, over 90% of tha flight
time of the C-14l is spent at 40,000 ft, and there are no dives or other

‘maneuvers,

o To be conservative, we will assmume that, during most of the fiight,
the temperature of the fuel in the tank is below U5°F, the average fuel
temperature for the entire flight is <50°F, and during descent (doaign
conditions) the fuel temperature is below LO'F, After making allowance for
a 30°F rise caused by other cooling duties on the aircraft, we assuzme that
the fuel reaches the inerting system at 75°F on average and at 65°F during
the design situation,

Following a similar line of rcasoning for the cooling ﬁter, it
is estimated that

average temperature = LO°F
design temperature = 35°F

based on an initial temperature of approximstely 60°F. (It may be necessary
to heat this water occasionally to prevent it from freezing.)

c. Ballast Gas Demand
(1) Total Requirements
Climd
A constant BG supply of 14.7 cfm is assumed for the ascent,

equivalent to the volumetric rate of fuel consumed by the engines, Thus,
the decrease in BG demand due to expansion of gases (becauce of decrease

‘of ambient static pressure) in the vapor space is disregarded. The above

allows removal and venting of oxygen dissolved in the fu2) and present in
the vapor space.

: Consequently, during the 30-mimute climb a ti_ul of 30 x 14,7
= Ll £t3 of BG are required,

Cruise ~

The cruise lasts 363 min and to replace the fuel 3,15 cfim BG
are required. Thus, 363 x 3.15 = 1,144 £¢3 of BG are necessary.

Descent

It is assumed that at the start of the descent 10% of the
original fuel remains in the fuel tank, thus the vapor space is

0.9 x 3,143 = 2,830 3

~ The aircraft descends from an altitude of 40,000 ft to sea level with a

consequent total pressure change of 14,7-2.7 = 12 psi. To campensate for
this pressure change and for the fuel used up during the l0-mirntse deacent
the amcunt of BG to supply is:
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LR,

2,830 cu. £t | 12 pst 3
l 6.7 psl + 10 min x 1.26 e » 2,322 ¢

Total BG

For a 103 min flight, the BG demand is:

Climd ‘Ml ct
Cruise 1,14
. Descent 2,322
Total ;;57_

Total BG per Flight = 3,910 cf

(2) Design Requirements

During the first 6 min, the rate of descent is 6,000 ft/min

and the maximum rate of pressure change occurs during the laszt mimte,
namely fram 10,000 (10.1 psia ASP) to 4,000 £t (12.76 psia ASP). Thus

AP/min = 12,76 - 10,1 = 2,66 psi/min
The BG demand due to the pressure change and fuel consuption is

Design Flow Rate = 513 cfm

Note: The average design pressure in the fuel tank is -

12. 2’4‘ 10.1 + 0.5 - !!.ﬂ 281‘

d. Mean Flight Pressure

The mean flight pressure is determined following the seme methcd
a8 outlined for the SST. The preasure in the fusl tank is assmumed to de

0.5 psi above the ambient static pressure (ASP).
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The average ASP for the altitude range from O to LO,000 ft is
7.h psia, and the ASP at LO,000 ft is 2.71 psia. Thus

bbl x 7.4 3,263 cf-psia
1,144 x 2.71 = 3,100
- 2,32 x 7.4 =17,183

23,548 cf-psia

3,910 + 0.5 = 6.53 psia in fuel tank

' Mean Flight Pressure ™ 6.53 psia

e. Water Pormation and Removal
(1) Formation |

Since use of JF<4 fuel is assumed, the mechanism of water
formation described previously in part V-T-e=(1l) applies here.

(2) Total Water to Be Removed

The basis and assumpticns are the seme as in V-T7-e=(2), with
%he)exception of pressure, which is 6.53 psia. Thus the molar volume
Va):

b, ‘
Vo " :;2'1 x 359 x g%; = 920 f‘t3/1b-mole

The total amount of air necessary to supp]q the required
anount of BG is

3,910 x 1.075 = 4,200 cf air per flight
The total amount of water formed and to be removed is

haooruloar;[ le |181b -
== |oz l;gx)cfl .§| moﬁgﬁ'

11.50 1b water per flight

As is shown later, 8.05 1b are removed by condensation and
3.5 b 'by sbsorption in the gas drier.
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As is shown below in Ve8.g-(5), it is appropriate to use
L5°F as the temperature of BG delivery to the fuel tank, If Vu {s
adjusted sccordingly, the total amount of water formed and to be removed
is 12.75 1b/flight, of which 3.82 1b are removed in the drier and 8.93

are condensed in HE 2.

Water Removal = 12,75 1b per flight

f. Anmount of Catalyst

This calculation is made by the method used for the SST. Following
is a summary of calculations.

Vgg (at 100°F and 11.93 psia), cfm .. 813

Vy = Vi = 1.075% Vg, cfm 552

'Pl = pressure in fuel tank, psia 11.93 | ’

Vl X Pl 6,5& '

v, =y [532.5/(560 x 14.7)] , ctm 426

Vp = molar volume (at 72.5°F and 14,7 psia), 388

cf/1b-mole

LR A s Vp» 1b-moles airfmin . ‘ 1,096

Ko, = 0.21 Nyyp, 1b-moles oxygen/min - 0.23

Fpo = 60 Ky, 1b-moles oxygen/nr 13.8

Fp = 0,0154® N,j., 1b-moles JP-\/min 0.0169 ;

Wp = 140% Np, 1b JP-4/min 2.36 |

Vp = specific volume of fuel™ vapor, £t3/1p 3.04 ‘ ;

Vp = ¥p x Vg, cfm 7.18

Vp = V5 + Vp, cfm 433
Cap = Nop 3 Vqs Ib-moles/ft3 0.00053 R
k (used the same as for JP-7) 194,000 *
: k Cpp 103.1 i
i o
| Fao/k Cyp 0.134 | . IR
i !
g ®Por JP-b

—— ot e s s i e e




~ Couversion, 4 - 9% 75

A | 0.0552 0,041k
, T )

[(1 +Ey) 1n (1/(2-xy)) - E“x"]é 3.3 1.1
Voo £t3 (see Equation (A), Part v-3-c) © olk7 028
wc -?c c, ]b ’ ‘ II v . 1802 707

8. Material and Heat Balance for Average Conditiom

(1) Bazes
BG demand = 100 cfa
BG temperature = 100°F

Pressure m‘mel‘ta:.nk = 6,53 psia
(2) Data |

The same data as for the Tactical Atrcraft [V-7-g-(2]].
(3) Aumptiom '

- those assumptions that dirfer from the ones used for
- the Tectical AC [V-7-g-(3)] are listed below.

1. Fuel is svailadle as coola.zrt at T5°F, and leaves
HE 2 at 150°F.

2. Flow rate of svaihble fuel = cruise flow rate
= 150 1b/nin,

3. Engine air is availadble at 500‘F (average tempersture
per flight; see Appendix I).

(4) Results for BG Temperature of 100'?
Calculations as per methods used in Case I (see Appendix E)

yield the results given in Figure 46, Following is a tabulation of the
important values, based cn 100 cfm of BG:

Molar volume at average conditions 920 cf/lbmole
' Flowv of air for 100 cm BG 15 cm

Weight of air | 3.38 1b/min

F-ount of fuel required - 0.252 1b/nin
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Weight of air-fuel mixture 3.63 1b/min
Anount of water formed 0.255 1b/min
Quantity of water removed by condensation 0.207 'lb/min
Quantity of water removed in gas drier 0.088 1b/min
Anount of dry ballast gas delivered to FT  3.34 1b/min
Anount of cooling water required 3.25 1b/min
Anount of fuel necessary as coolant 24 1b/min

Totals for a LO3 min flight are obtained by multiplying the above results
by 3,910 & 100 = 39.1,

The total smount of cooling water, including 10} extra for
contingency, is 140 1b per mission of 403 minutes,

(5) Results for BG Temperature of L5°F

. The fuel temperature was assumed to be C50°F on average,
Although the inerting subsystem will not be able to deliver the BG at
45°F, the BG will undergo cooling and contraction in the fuel tank,
This, in turn, will result in an increase of BG demand, equivalent to
BG requirement at 45°F, Consequently, it is conservative to assume that
BG 1s delivered at 4S°F. The effect of this temperature on the values
~of interest is as follows:
Molar volume 829 cf/1b-mole
Weight of air 3.74 1b/min
Factor = T4 . 1.108

3.38

Thus, all the results listed in (4) have to be multiplied by 1.108 to
obtain the values for BG at 45°F and 6.53 psia, giving for example:

Anount of wa*er formed 0.326 1b/min
Amount of water removed in gas drier 0.098 1b/min
Anount of dry BG delivered to FT 3.70 1b/min
Anount of cooling water required 3.6 1b/min
Total cooling wa.tér for 4O min flight 155 1b

The change introduced here affects also the quantity of

catalyst to use as follows:
. 96% conversion 20,2 b z
' T5% conversion 8.5 b
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h.

Material and Heat Balance for Design Conditions

(1)

Bases

BG demand = 513 c¢fn

BG texperature = 100°F

Pressure in FT = 11,93 psia

The gravimetric flow rate of BG is the equivalent to BG

delivery at k5°F [as per V-8-g-(5)].

(2)

(3)

Data

Same as for average conditions.

Assumptions '

IListed below are the assumptions that differ fraz those shown

for average conditions or those used for Tactical AC [V-?-h(3)]

1.

2.

3.

Se

Fuel availadble foar cooling at 65°F

Fuel flow at pear idle condition is 60 1b/min,

(To avoid recirculation of hot fuel, during peak demand,
fuel may leave HE 2 at or near 300°F, although this is not
a desirable situation.)

10% exceas fmel (over stoichiumetric) 15 used in the
cambustor, and 754 conversion is asmumed.

Air fram engine bleed is availsable at 250°F and 35 psia
(see Appendix I).

Cooling water is available at 35°F.

)

Results _
Conditions and flows are set forth in Figure L7. Following

is a tabulation of the important values:

Molar volume (at 45°F and 11.93 psia) LS54 cf/lb-mole

Flow of air for 513.4 cfm BG 552 cfm

Weight of air 35.1 1b/min
Amount of fuel required (cambustor) 2.62 1b/min
Weight of air-fuel mixture - 37.8 1b/min
Anount of vater formed 2.3 1b/min

Quantity of water renoved by conden- 1.38 1b/min
sation .
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Quantity of water removed in gas drier 0.92 1b/min ‘ :

Quantity of fuel condensed in HE 2 0.79 1b/min
Amount of dry BG delivered to FT 34,7 1b/min
Amount of cooling water required 24,5 1b/min
Anount of fuel necessary as coclant 60 1b/min

i. Equipment Design
The foregoing permit sizing and design of the ccmponents of the
inerting subsystem, which is based or peak demand for ballast gas, Details

of the design and weight calculaiions are given in Appendix I. Results .
are sumarized below,

(1) Weights®
(a) Afr and Fuel Feed Equipment

Supply piping 19.4 b
Spray nozzle assembly o 0.5
Vaporization chamber : B
(Hastelloy C) 46 : o
H‘eater' | Ki
Outlet piping . 1.6
Extra for fittings | “ 0.5
Total , v
(b) Cambustor ‘ | '
Catalyst‘ 9.9 1b
Screens (G) ‘ 27.2
Jeating elements | , ' 8.3 .,
Fuel preheating tubiné ' 1.7
Cooling tubing | 128.2
Duct and baffles (Hastelloy C)- 127.7

Total 303,00 1b

¥pased on use of 316-SS except where otherwise specified.
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| ' (¢) Heat Exchanger No, L (ME 1)
‘ Cooling tubing 605 1b
Duct (Hastelloy C) 168
Total 773 1b

(d) Heat Exchanger No. 2 (¥E 2)

Coaling tubing 380 1b
Duct (Hastelloy C) 103
Fuel booster pump %
Total 500 1b
(e) Drier
Outer walls (alumimm) 62 1b
Cooling tubing (alumimum) 224
Desiccant : 530
Filter, screens 20
Water tank and water 176

Total 1,012 1

Only one desiccant, CaClz, is used because it allows the BG to leave with
1,320 ppa V/V under design conditions, which satisfies the target. Since
air is available under pressurg at all times, it is used to push the inerting
system co0ling water out of the tank and through the cooling coils, Theree
fore, the water purp is eliminated, -

(f) Total Sudbsystem

Samponent Pounds s

' ‘ Drier 1,012 38
| HE 1 73 29
HE 2 500 19

" Cambustor 303 1n

Feed Streams ™ 3

2,663 1%
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(2) Dimensions

The C=1Ll inerting subsystem as conceived for this study
regembles the tactical aircraft subsystem, Except for the vaporization
chamber, which has the usual doudble«cone configuration, the various
canpcnents are connected end-toeend to make up a rectangular duct whose
cross-gection varies samewhat according to the size of each camponent,
Strung cut in this way, overall length of the subsystem is about 13.5 feet.
The dﬁmensions of each camponent are as follows:

. Height or Dia.) ft wWidth, ft » Length, ft
v oo . 125 ma. e 5.33
Outlet Pipe ‘ - 0.33
Combustor 1,04 2.5 1.5
HE 1 2 25 1.75
HE 2 1 2.5 1.83
Drier . 2 é.S 2.75

(3) Discussion of Welght and Size

The tnleration of a higher concentration of water vapor in
the BG, as compared to the other case analyses, eases the demand for
drier performance, and makes possible the use of a single desiccant. RNever=
theless, the drier remainz as the heaviest .item, representing 38} of the
total subsystem, It is believed that further study of the drier could lead
to a significant weight reduction, because the unit is now overdesigned with
respect 10 capacity. This is due to the fact that design guidelines Tor
space velocity and efficiency dictate the size and weight of the bed to the
extent that the desiccant has capucity for 230 flight=hours, (iar in excess
of target). Further calculations using other desiccants, smaller grain size,
and possibly a booster pump for increased static pressure, could well be
fruitful,

‘ . The veight. of HE 1 is about in the same relative position as
it is in the case of the tactical aircraft. It is not unreasonably large
far a gas-to=gas excha.nger, considering the amount of preheat required by
the cambustion air,

| The weight of HE 2 is brought down to the level shown by
introducing a circulating fuel loop for cooling purposes during the design
period, while BG demand is high, yet fuel demand by the engines is low,

The total subsystem weight shown sbove represents 1.5% of the
initial fuel load, which is the lowest of the values generuted in this study.
The prospects for substantial reduction in weight center around the drier in
particular, and optimization studies in general,
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SECTION VI

CONCLISIONS

The concept for inerting aircraft fuel tanks with ballast gas
generated by catalytic combustion of a small fraction of the fiel load is
technically feasible., In an aircraft fueled for long-distance passenger
service (the SST), only 0,006% of the initial fuel load wculd be uszed for
inerting in a typlcal 3«hour flight. In a tactical aircraft situation,
the corresponding figure is 0,011% for a representative 155-minute nigsion.

Any 1nert1ng subsystem that functions via control or the oxygen
content of the fuel tank ballast gas must contend with the problem of
widely fluctuating demand. In the tactical aircraft, for example, ballast
gas demand ranges from 0,08 1b/min during level flight under cruise cone= -
ditions tc 11 1b/min during a powered dive, an increase of more .than onee -
hundred-fold.

In the present subsystem, nitrogen makes up about 74% of the inert
ballast gas. The effect of demand on conversion level, hence the combustor
exit gas composition, varies as follows for JP-7 fuel:

Percent by Volume
94, Conversion 755 Cenversion

Nitrogen 72.9 73.9
Water 13.7 10.9
Carbon dioxide 1.2 g 8.7
Carbon monuxide 1.2 1.0
Oxygen : 0.8 . 5,0
Fuel 0.2 0.5

The rate of conversion of oxygen in this system 1s directly proporticnal

to the concentration of fuel; hence operation with an excess of fuel is .
indicated. Up to 300% excess propane fuel appears to cause only a temporary
increase in the production of coke. Deposition of coke equivalent to 10%
carbon from a relatively poor quality of JP-Ii fuel did not have any adverse
effect on catalyst performance.

The catalyst tested most extensively can provide a free oxygen

content well below the target level (2-9%) for periods in excess of 50

hours, without regeneration. Using propane fuel, the deactivation after

GO hours (with 100 to 300% excess fuel) is equivalent to a 10% decrease in
converslon at a giveu temperature, or a 35°C higher tempera*ure for the same
conversion. Little or no loss in performance was observed as a result of
60 hours on stream using 1007 excess of JP=U4 fuel.
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Results obtained in the 60-hour test with JP-U fuel did not show
the need for regeneration, and no conclusion can be drawn as to the ultimate
extent of catalyst use before regeneration is necessary. Regeneration is
accomplished easily using a gas containing about L% oxygen, with provision
to heat the catalyst to approximately 400°C (752°F).

For optimum results (wrading off catalyst activity with thermal
stability) combustion temperatura should be regulated at about 725°C
(1337°F). ¥hen using boiling water in finned cooling coils for cooling a
radial reactor in which all coils are subrerged in cetalyst, the volume
of the combustion zone is dictated by the required coil surface area. In
a preliminary radial reactor design, the combustion zone volume as
determined by heat transfer i1s 6 times the volume as determined by the
catalyst activity. The situation is more favorable in a segmented design,
using unsudbzerged coils, which weighs about 45% of a radial reactor giving
the same conversion.

Depending on conversion level, from 11 to 1L% of water is present .
in the comdustor exit gases. Reduction to the target level of § ppm requires
a heat sink to absorb the heats of condensation and absorption, and to cool
the gases tow65°F. 1If such a heat sink is unavailable, only the use of a
water reactant such as calcium carbide can satisfy the target water level
requirement, Part of the heat is conveniently removed by exchange with
cambustion air requiring preheat, and with fuel being pumped to the engines,
In situations (the SST) whare the fuel coolant is at times not available
below 300°F, additional cooling (to ~100°F) and scme condensation can be
accamplished by exchange with water being pumped to the combustor coils.
If a supply of cooling water for the inmerting system is assumed, the ballast ‘ .
gas can be dried at a temperature low enough to remove almost all of the , :
cambustion water., (At a drier temperature of 150°F, >99.99% removal is
effected, and the dry ballast gas contains 10 ppm water.)

Optimization of the size and weight of the gas drier may indicate
use of either one or two drying agents, (one chosen for efficiency and the
other for capacity). The capacities estimated for the various cases analyzed
in this study range from 50 to 230 flight-hours, without regeneration,
Regeneration is accomplished by passing a gas heated to L50-550°F through the .
driero . '

This type of inerting system gives previously unavailable control
over the moisture content of the fuel tank ballast gas, Its use at low
altitudes in humid climates, where dewpoints commonly reach 75°F (30,000 ppm
volume) or higher, can prevent the introduction of sudbstantial quantities of
water to the fuel. The benefit in terms of reduced microbiological corrosion
effects may be substantial,

Although not confirmed by actual test, it is indicated that the
‘subsystem is capable of operating at altitudes from zero to 80,000 feet,
The lower partial pressure of the reactants in the cambustor feed gases at
the maxirmmm altitude would affect adversely the rate of conversion, but
the reduced demand (weight basis) would tend to offset this effect. Moreover,
the conversgion level could be increased by enriching the combustor feed
mixture vhile operating at high altitudes,
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The weight of the inerting subsystem including equipment, catalyst,
agents and cooling water supply, represents 1.8 of the initial fuel supply
for the typical C-lll aircraft mission. The corresponding figure for "normal”
flights in the SST is 2.3%, and an SST mission that includes an emergency
povered dive would require L 1%, The tactical aircraft carries a proportion-
ately smaller initial fuel load, and has powered dives in typical missions;
the inerting subsystem therefore represents 6.4% of the initial fuel weight.

In most instances, the heaviest camponent is the gas d.rier. It
represents 35-61% of the subsystem weight, in the cases considered here,
* Weight savings could be realized 3if other means of negating the eifects of
water in the fuel tanks were employed, making it possible to raise the ballast
gas water concentration limit.

Rivaling the gas drier in weight is the gas-to-gas exchanger where
cambustion products are cooled while preheating the air and fuel. This
represents fram 21 to 38} of the subsystem weight. Alternate means of
preheating and cooling these gas streams have not been investigated.

A reduction in weight can be effected through relaxation of the
performance requirements during dives, when ballast gas demand is about 100
times greater than it is during level flight at full power. Conceptual
design calculations were made on the basis of 75% conversion during dives,
equivalent to approximately 5% oxygen in the dry ballast gas. If conversion
‘during dives is limited to 60%, giving 8.7% oxygen in the dry ballast gas,
the aubsystem weight could be reduced by 5-10%.

A substantial reduction in welght is to be expected upon optime
ization with respect to materials of construction to be used, and design
of the principal components. Weights given herein are developed through
techniques normally uged for industrial process equipment, and flightwei@xt
hardware techniques remain to be applied,
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SECTION VII

RECQMMENDATIONS

1. Make a critical review of the conceptual designs and subsystem
performance requirements, with emphasis on selection of priority
areas for weight. reduction, and estimation of the potentially
attainable performance-weight relationships,

2. Desizn, construct and install a fractionalescale breadboard inerting
subsystem, Design should be generated with input from monufacturers
of flightweight hardware, Include control instrumentation.

3. Employ breadboard unit and other apparatus to test and evaluate under
simulated flight conditions:

a, Cambustor
o startup rethods
e temperature ‘control
. reger;eration (need, frequency)
@ effects of variations in operating mixtures, flow rate, pressure
® catalyst life
b. Gas Drier
e type and size of desiccant
® flow rate and pressure effects
o‘ regeneration and 1life of desiccant
o fuel effects .
¢. Heat Exchangers o |
e flow rate and pressure effects
e Tfouling
e tubing design and materials NG
d. Fuel Feed Methods | |

® best performance-weight combination
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Study the reduction in weight available through use of alternate
design concepts such as:

o usze of a mechanical fuel atomizer
& use of a ballast gas reservoir to reduce peak demand

® preheating of combustion air by reacting a portion thereof
with fuel, then recomdbining

Study the application of advanced materials of construction and f£lightweight

bardware design methods to the achlevement of minimum camponent weights,
Incorporate results from the breadboard tests, and from the alternate

' design concept studies. Carry out scaling und optimization studies,

Examine the effect on fuel quality of its passage through the inerting
subsystem unreacted.

Study logistics and servicing needs, 1nc1uding replacements, cleaning,
and routine maintenance.
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